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Abstract 
 
Musculoskeletal disorders affect humankind perhaps more than any other category of 
malady, and at all ages. Prominent amongst such disorders are those apparently afflicting 
the vertebral column presenting with symptoms of headache and neck pain. Diagnosis of 
the cause of symptoms implicating structures or dysfunction of the neck as source is 
fraught with difficulty. Local neck joint kinetic behaviour and motion amplitude commands 
attention from those with an interest in manipulation, like chiropractors and 
physiotherapists, as well as surgeons, who all commonly examine patients for an 
association between perceived anomalies of local joint motion and such symptoms.  
Anecdotal impressions about the significance of findings made in this fashion form the 
rationale for therapy, including manual therapy. 
 
Although there are data on global neck kinematics, studies of local neck joint kinematic 
behaviour in appropriate age and gender cohorts of sufficient size to be clinically useful 
are scarce and contradictory. Remarkably, as investigators seek, but have yet to find, 
reliable and accurate diagnostic tests to quantify local neck joint motion, surgeons also 
seek surgically without any such data to relieve spondylotic myelopathy and/or 
radiculopathy caused by mechanical pathology in an intervertebral disc in the cervical 
spine with insertion of artificial disc prostheses. Thus, for those addressing the causes of 
otherwise unexplained neck related symptoms, especially surgeons and chiropractors, 
accurate data and a thorough understanding of neck kinematics (understanding of joint 
behaviour without consideration of forces) are essential, but absent.  
 
These deficiencies in the literature afford little confidence in other studies for which values 
for abnormal states or joint motion patterns are compared with the existing catalogue of 
“normal” rotational values or Instantaneous Centre of Rotation (ICR) locations derived from 
the suspect studies. A more useful catalogue is thus a necessary pre-requisite to full 
exploration of abnormal rotational joint motion and the locations of notionally normal ICRs 
(defined as X axis and Y axis positions on a typical Cartesian coordinate ‘map’ in which X 
axis is the left-right direction, positive from left to right and negative in the opposite 
direction and Y axis is the up-down direction, positive from down up and the converse for 
the negative). This catalogue assembled from study of pain free volunteers uniquely and 
for the first time embraces the following characteristics: 
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a. Since joints stiffen with age, data are from three age cohorts, from 30 years to 
39 years, from 40 year to 49 years, and from 50 to 59 years. 
b. Since women are generally thought to be more flexible than men are, roughly 
half of the overall group of subjects is women and half men. 
c. Radiographs have been taken, each in the same fashion, with no prior nod of 
the chin down to the chest in flexion, but with the chin first protruded, then full 
active flexion. 
d. This study has a cohort in each sub-set of at least 30 volunteers. 
e. ICRs vary according to bone size, so radiographic measurements have been 
‘standardized’ to account for such differences deriving from different regions of 
the neck and from images taken at different film focal distances and from one 
individual to another. 
 
This leads to six sets of values of sufficient size for each gender and three age ranges, 
accounting for inter-observer variation, which no previous study has undertaken in this 
way. Earlier reports of notional “normal” values for both motion amplitudes and ICR 
locations appear not to be based on equivalent data. 
 
This thesis reveals sufficient differences in values in enough joints for the three different 
age cohorts representing the commonest age groups presenting with neck pain and 
related disorders, and in both genders, to render current catalogues of normal motion 
somewhat unsatisfactory. For normal sagittal plane local joint motion from C2-3 to C6-7 in 
the human neck, for rotation amplitude values, the Null Hypotheses that no such data in 
neck kinematics can show differences in values from age cohort to age cohort and/or from 
gender cohort to gender cohort are rejected. The Null Hypotheses for Instantaneous Axes 
of Rotation are confirmed. 
 
Further, the thesis produces sufficient new evidence to propose more accurate ranges that 
can be considered as clinically relevant normals as the basis for investigations into clinical 
causes and assessment of treatment results for mechanically implicated neck pain and 
related disorders. 
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“Cervical”: relating to the neck. 
“ICR”: Instantaneous Centre of Rotation. 
“Kinematic”: relating to motion, without the consideration of forces. 
“D” means deleted, because radiographer(s) did not follow instructions in taking the 
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“M” means missing data (radiographs went missing in the post). 
“N” means not seen (shoulder obscuring image of C6/7, for instance). 
“TS” means too small to measure. 
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All modern medicine seems to stem from Hippocrates of Cos, including consideration of 
musculoskeletal disorders. Schiotz and Cyriax1 report that his magnum opus, “Corpus 
Hippocrateum” includes two chapters “Peri Arthron” (about joints) and “Mochlikon” (the 
lever), written about 400 BC, thus suggesting a belief that he believed some such 
disorders to be of mechanical origin. There is a long history of spinal manipulation for such 
disorders from ancient times to the present day2, but only two international convocations 
have attempted to review comprehensively the state of the art and progress in the 
knowledge base underlying manipulation and other manual therapies and to set research 
priorities for the future3,4. 
 
Musculoskeletal disorders nowadays, and perhaps even in times ancient, affect 
humankind almost more than any other category of malady, and at all ages. They have 
long been characterized by their chronicity and impairment of quality of life and economic 
productivity5,6. More recent analysis affirmed that such conditions cause more functional 
limitations in the adult population in most welfare states than any other group of disorders, 
resulting in major cause of years lived with disability in all continents and economies7. 
 
Prominent amongst such disorders are those apparently afflicting the vertebral column 
presenting with symptoms of headache and neck pain. The taxonomy of the International 
Headache Society acknowledges that some forms of headache can derive from pain 
referred from the cervical spine8, and the neuro-anatomical and physiological basis for 
such pain referral to the head is well established9,10,11,12,13. On the other hand, the 
objective diagnosis of headaches of cervical spine origin remains contentious14. The 
clinical criteria outlined by the International Headache Society are not particularly 
persuasive and thus may not uniformly be accepted by clinicians dealing with headache. 
The IHS diagnostic criteria stipulate as follows: 
A. Pain, referred from a source in the neck and perceived in one or more regions of 
the head and/or face, fulfilling criteria C and D. 
B. Clinical, laboratory and/or imaging evidence of a disorder or lesion within the 
cervical spine or soft tissues of the neck known to be, or generally accepted as, a 
valid cause of headache. 
C. Evidence that the pain can be attributed to the neck disorder or lesion based on at 
least one of the following: 
1. Demonstration of clinical signs that implicate a source of pain in the neck. 
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2. Abolition of headache following diagnostic blockade of a cervical structure or its 
nerve supply using placebo- or other adequate controls 
D. Pain resolves within three months after successful treatment of the causative 
disorder or lesion. 
Even these guidelines deny a role for clinical diagnosis of cervicogenic headache. 
Objective confirmatory tests are either lacking, too invasive, or not generally available. 
Disorders of the upper cervical spine are implicated as a headache cause by virtue of the 
anatomy of the region15, and by a controlled study16, which demonstrated that headaches 
stemming from the C2-3 zygapophysial joint could be identified by diagnostic blocks of the 
third occipital nerve innervating the joint. Two authors17  propose a pragmatic diagnostic 
approach to probable cervicogenic headache with a list of seven clinical criteria, as well as 
a “rigorous approach to the diagnosis and management of definite cervical headache” with 
such as percutaneous radiofrequency neurotomy. 
 
Most people get neck pain at some point in their life18 and it’s usually experienced first in 
childhood or adolescence19,20,21. The peak age for men and women to have neck pain is 
between 40 and 50 years of age with women more frequently affected than men and the 
most commonly reported duration of symptoms being 8 to 30 days22. The number of 
people presenting to hospital with traffic related whiplash associated pain is increasing 
steadily in the last 30 years23, but this probably underestimates the incidence of traumatic 
neck pain as many probably seek help privately outside the hospital system. Neck pain 
runs an episodic course throughout lifetime24,25, with a typical 12-month prevalence of 30-
50%, and a 12-month activity limiting pain prevalence of 1.7% to 11.5%26. 
 
Notably, adults with neck pain also report more comorbid conditions, exhibit more 
psychological distress (including serious mental illness) and engage in more risky health 
behaviours than adults without neck pain27. In fact, a recent investigation28 involving 
volunteers for a clinical trial of manual therapy for neck pain found pain intensity to be 6.1 
+/- 2.0 (mean +/- SD) on a 0-10 numerical pain rating scale, and disability scores of 15.7 
+/- 7.4 (Neck Disability Index /50). Sixty three percent had a prior history of neck pain, and 
concomitant symptoms were remarkably prevalent. These included upper limb pain (80%), 
headache (65%), upper back pain (64%), lower back pain (39%), dizziness (31%), and 
nausea (23%). Perhaps not surprisingly, there was a strong correlation between pain 
intensity and disability. 
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A very early survey of Swedish males recorded half as having had neck symptoms, but 
only five percent had lost time from work therefrom29. In a similar survey of forest and 
industrial workers, the same investigator recorded 80 percent of his study cohort reporting 
having had neck related symptoms30. Moreover, other early studies were already reporting 
that episodes of neck pain were not always isolated or of limited duration: of 205 subjects 
with painful necks, 32 per cent had moderate or severe pain ten years later31. Good 
epidemiological data on neck pain have been meagre until recently and its prevalence has 
probably been initially underestimated because neck pain is less likely to result in time lost 
from work32. Despite the foregoing, recent research reveals that the costs of neck pain are 
indeed substantial: investigators revealed that in 1996 alone, the Netherlands bore costs 
of US$686 million due to neck pain, only 23% of which was direct cost for health care and 
the like, whilst indirect costs such as absenteeism from work and disability amounted to 
77% of total costs33. 
 
Causal inference in clinical science is frequently a vexatious issue. Diagnosis of the cause 
of symptoms implicating structures or dysfunction of the neck as source is fraught with 
difficulty. “Cervical spondylosis” or “nerve root compression” syndromes are acceptable to 
most clinicians as diagnoses when appropriate examinations findings dictate, but the 
former, we have long known, does not always cause pain34,35,36. Just as confounding, 
there are many symptoms probably derived from the neck, which defy convenient 
classification. Such diagnostic quandaries were noted decades ago to include neck pain 
itself, shoulder or arm pain, headache, and even chest pain37. Definition of the causes of 
many of these syndromes is even now conjectural and controversial. 
 
Local neck joint kinetic behavior and motion amplitude commands attention from those 
with an interest in manipulation, like chiropractors and physiotherapists, as well as 
surgeons. Thus clinicians of divers tribal occupational groups commonly examine patients 
for an association between perceived anomalies of local joint motion and such symptoms. 
Anecdotal impressions about the significance of findings made in this fashion form the 
rationale for therapy, including manual therapy. Notably, one assertive author claims that 
for neck pain, manual therapy does not work38 and others claim that it does39. 
 
In particular, claims for the existence of vertebral subluxation, the manipulable lesion, a 
putative cause for many locomotor maladies, are predicated on a theoretical construct still 
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having no experimentally derived objective validity, and, in a sense, no real existence 
beyond that afforded by a consensus of those interested in spinal manipulation. As 
observes Triano: “much of the assumed foundation for a manipulable lesion is based on 
speculation from indirect evidence for feasible mechanisms. Direct evidence remains 
elusive”40. Nevertheless, the principal therapeutic intervention addresses a biomechanical 
fault. As Lantz opines “… restoration of motion is the central goal in the clinical practice of 
chiropractic.”41 Given the longevity of the practice of spinal manipulation, the evidence 
vacuum is a remarkable state of affairs. That is not to say, however, that there is a 
theoretical vacuum. 
 
The concept of the manipulable lesion42, often termed by chiropractors as ‘vertebral 
subluxation’, has been explained as a clinically significant disturbance of joint motion 
responding to manual therapy (a particularly unsatisfactory definition, given its circularity). 
That is not to say there is no theorizing by chiropractors on the nature, origins and effects 
of the lesion. Triano43 makes a convincing case for buckling (a displacement or 
deformation disproportionate to the increment of load applied) underpinning some of the 
attributes of a functional spinal unit (FSU) which has undergone such mechanical 
disturbance. Leach and others44 offer many hypotheses for which there is some limited 
evidence, including inflammation, segmental dysfunction (joint and muscle pathology and 
facilitation), instability, immobilization degeneration, neuropathology, somato-autonomic 
reflex, myelopathy, vertebrobasilar insufficiency, neuroimmune issues, and axoplasmic 
aberration. In fact, Gatterman45 elaborates on over a hundred synonyms for the term 
subluxation. 
 
Osteopaths have most commonly used the term “somatic dysfunction” for over a century, 
and it has recently been explained by one osteopathic author46 as: “impaired or altered 
function of related components of the somatic (body framework) system; skeletal arthrodial, 
and myofascial structures; and related vascular, lymphatic, and neural elements”. 
 
Physical therapists also commonly use the term “somatic dysfunction”, implying a variation 
in normal amplitudes of spinal joint motion, or aberrations in kinematic behaviour47. 
Another such author48 describes it as “segmental hypomobility associated with a painful 
impairment of movement…”. 
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One small study asserts 100% sensitivity and 100% specificity of diagnostic accuracy for 
manual examination of the cervical spine49, a strong claim unsupported by other studies. 
Notably, another bigger analysis asserts that current published manual examination 
procedures lack validity for the diagnosis of cervical zygapophysial joint pain50, opining 
that the discrepancy of their results with those of the Jull study just mentioned results from 
the very small sample size of the latter. 
 
Yet still, chiropractic, osteopathy, physiotherapy and medicine, the health professions 
involved with manual therapy, record their impression that the lesion typically, but not 
necessarily, is exemplified by a restriction in passive or active motion both, compared with 
normal local joint motion amplitudes51. Presently the lesion is no more than a theoretical 
construct, despite manipulation being among the most ancient of therapeutic procedures52. 
Thus there is general agreement that the lesion typically involves a symptomatic restriction 
of joint motion that is relieved symptomatically and with increased motion amplitude by 
manipulation. Two authors, years ago, postulated that persistence of this lesion may lead 
to spondylosis and intervertebral disc disease53,54. 
 
Nevertheless, there is almost no objective clinico-pathologic correlation in such disorders 
where neck structures are thought to generate signs and symptoms, other than initial pain 
severity relating to symptom persistence55. Even where frank pathology, such as 
spondylosis or herniation of the nucleus pulposus of the intervertebral disc is seen in the 
spine, it’s long been known that there may be no history of pain or disability56,57,58,59,60. 
Other than some old studies showing radiologically evident gains in gross ranges of 
motion after manual therapy of the neck61,62, the usual correlations of signs and symptoms 
with pathology and with protocols of proven utility for diagnosis and therapy typical of, say, 
cardiology, do not generally exist for manual therapy. Although manipulation is an ancient 
art, there is a gulf between morphological research and manual practice. 
 
Some have undertaken reliability studies on radiographic line marking on lateral projection 
lumbar spine radiographs63,64, and others have correlated manual examination findings of 
lumbar segmental rigidity or instability with radiographic imaging 65,66. Another team has 
investigated the reliability of line marking on neutral static (no flexion-extension) lateral 
projection neck radiographs67, on antero-posterior projection cervico-dorsal neck 
radiographs68, and then undertook an analysis of whether modeling of the neutral lateral 
projection radiographs of the cervical spine could discriminate hypolordosis69. None of this, 
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however, does other than offer weak clues as to intervertebral kinematics in the neck in 
the sagittal plane. 
 
More recent studies (cadaveric) on the neck evaluated the effects of lateral eccentricity 
(the perpendicular distance from the axial force to the centre of the spine) on peak loads, 
kinematics and spinal canal occlusions of sub-axial cervical spine specimens tested in 
dynamic axial compression70, and noted differences in the kinematics, kinetics, and 
injuries of ex vivo osteoligamentous human cervical spine and surrogate head complexes 
that were instrumented with simulated musculature relative to specimens that were not 
instrumented with musculature71. Unfortunately, these studies provide no useful leads for 
investigating the cervical spine in vivo. 
 
Global neck motion has been assessed kinematically with the Wisconsin Analysis of Spine 
Motion Performance device (WASP), validated by Syed et al72 to assess cervical spine 
motion performance over extended periods of time in natural environments. It comprises 
used two inclinometer arrays, and a gyroscope to measure angular velocities of motion, 
with sensors glued to the side of the head and the skin over the 7th rib, and a data logger 
was attached to the subject’s belts. 
 
In a study of frequency and magnitude of global neck kinematics to assist in putative 
elements of the design of intervertebral neck disc prostheses, Sterling et al73 used WASP, 
with the device worn continuously for a 5 day period: it revealed that in 10 normal 
volunteers (6 male, 4 female) average age 22.1 +/- 1.1 years, flexion-extension was the 
primary neck motion during normal daily living, with most motion about all axes being less 
than 15 degrees,  
 
Data on lateral bending74 local joint neck kinematics (lateral flexion, translation and 
coupled rotation) has been secured on 3D MRI, but this study used only twelve healthy 
normal volunteers, six male and six female, with a mean age of 23.6 years, and a range of 
20 to 30 years, with the chest belted down, and the head held tightly in a frame to try to 
guarantee pure lateral bending. This age range is unrepresentative of the world at large for 
those presenting with neck complaints, the groups are small, and the motion is undertaken 
with a mechanical device fixing neck rotation in one plane artificially. 
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Rotation in the upper cervical spine was studied similarly on supine 3D MRI with 15 young 
healthy volunteers (8 men, 7 women) with a mean age of 24.3 years, range 24-31 years75. 
Data were collected only on motion between the occiput and C1, and C1 and C2. 
 
Shortly later, supine 3D MRI was again used, this time to assess rotation of the sub-axial 
cervical spine in ten normal volunteers (5 men, 5 women) with a mean age of 25.1 years, 
range 22 years to 31 years76. Only data on axial rotation, coupled lateral bending, coupled 
flexion-extension and coupled translations were collected and analyzed. 
 
Currently, as investigators pursue the discovery of, but have yet to find, reliable and 
accurate diagnostic tests to quantify local neck joint motion, surgeons seek surgically, 
without any such data, to relieve spondylotic myelopathy and/or radiculopathy caused by 
mechanical pathology in an intervertebral disc in the cervical spine with insertion of 
artificial disc prostheses77,78,79,80,81. They hope to preserve disc height, reproduce the pre-
pathology kinematics of the joint in question82, and protect adjacent segments from 
breakdown caused by fusion surgery increasing biomechanical stresses hastening 
degeneration at these levels83. 
 
One recent report84, with follow-up85, tries hard to support the notion of superiority of disc 
arthroplasty over fusion, which is similarly undertaken to relieve severe pain. 
Problematically, whilst the mean improvement in Neck Disability Index scores were better 
for the former than the latter, the margin was but slight, with 2 year follow-up scores for the 
arthroplasty group at 35.4 improvement, and in the fusion group 33.9 improvement. The p 
value was not significant for the 2-year follow-up, but was for 3 and 5 years. Perhaps 
adequate investigation of local joint kinematics in a reliable way might offer kinematic 
clues relating to success or failure of these procedures. 
 
Surgeons also need to know when a neck joint is unstable, and most studies in this 
context have been undertaken better to understand just what makes for stability in the 
cervical spine, as instability seems linked to pain and degeneration of joint tissues. Thus, 
for those addressing the causes of otherwise unexplained sources of neck related 
symptoms, including surgeons and chiropractors, accurate data and a thorough 
understanding of local joint neck kinematics (understanding of joint behavior without 
consideration of forces) are essential, but still insufficient. Therefore, there is compelling 
merit in seeking to demonstrate, on an experimental basis, objectively derived, quantifiable 
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mechanical characteristics of normal local neck joint behaviour as a precursor to better 
understanding of a notional manipulable or surgical lesion. 
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CHAPTER TWO 
 
ANATOMY AND KINEMATICS 
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2.1 Introduction. 
 
The head is a platform housing sensory apparatus for hearing, vision, smell, taste and 
related tongue and lip sensations. For optimal function, these sense organs must be able 
to scan the environment and be best oriented towards the sources of stimulus. The 
cervical spine provides the head with large ranges of motion in most vectors to position 
this sensory platform in three-dimensional space.  
 
The neck, with thirty-five separate joints, is the most complex articular system in the 
human body86. Answers have been sought to questions in anatomy, pathology, motion of 
the entire neck as a region, and motion of individual joints, both in cadaveric studies and in 
live subjects. Answers gleaned thereby have included data on the relative strength of 
structural components of the neck 87, 88, 89, 90 and neck motion in both the normal state 91, 92, 
93 and with degenerative joint disease 94, 95, to investigate surgical instability after trauma in 
both human 96, 97, 98 and animal models99. 
 
Motion in the neck has at least two components, rotation, and translation. Intersegmental 
motion in the human neck is coupled in lateral flexion, such that the posterior elements of 
a vertebra rotate towards the developing convexity of the region100.  As a natural corollary, 
axial rotation of the neck (+ and – Y axis rotation) does not occur simply in the horizontal 
plane, but takes place with lateral flexion of the vertebra away from the side to which the 
posterior elements of the bone are rotated101. Uniplanar motion, therefore, does not 
naturally occur in the human neck, from C2-3 to C6-7, except in one plane, the sagittal102. 
In terms of rotation, using a three dimensional orthogonal coordinate system of notation103, 
this means + and – X-axis rotation (forward and backward rotation about a transverse 
axis), and + and – Z vector translation (forward and backward straight line motion from 
front to back horizontally). 
 
One can reveal the pattern of motion of a given vertebra in the sagittal plane by 
superimposing tracings obtained from lateral projection flexion and extension radiographs 
of the cervical spine. The axis about which the bone above moves on the bone below is 
called the ‘instantaneous centre of rotation’ or ‘ICR’. The exact location of the ICR for my 
purposes is a function of the amount of sagittal rotation and the amount of simultaneous 
sagittal translation occurring during the phase of motion defined by the start and end 
positions chosen. One determines the location of the by drawing the perpendicular 
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bisectors of intervals connecting equivalent landmarks on two positions of the moving 
vertebra. The point of intersection of the perpendicular bisectors marks the location of the 
ICR. See Figure 1, below. 
 
 
 
 
 
Figure 1.  Sketch of a cervical spine motion segment illustrating the construction of its instantaneous 
centre of rotation (ICR) in flexion-extension. 
 
 
From above downward, ICRs lie progressively higher and closer to the intervertebral disc 
of their segment, which is determined by the height of the articular pillars of the vertebrae 
concerned. These are low at C2-3 and progressively higher towards C6-7. In fact, the 
height of the superior articular pillar at a given level dictates the quantum of rotation 
necessary at that level to permit a given amount of translation: tall processes limit 
translation unless rotation is quite large. In fact, it’s the ratio between translation and 
rotation that determines the location of the ICR104. 
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Some have questioned the validity and reliability of the concept of the ICR, but the 
techniques they used to find the location have been poorly described and remained 
uncalibrated for error and accuracy105. On the other hand, van Mameren et al106 defend 
the use of ICRs and have shown that a given ICR can be reliably and consistently 
calculated with acceptable margins of error. Moreover, and key to much of the significance 
of the present project overall, their own study showed that the ICR is independent of 
whether flexion-to-extension or extension-to-flexion sequences produce the image to be 
studied, and is strikingly stable over time. I thus conclude that the ICR remains a reliable, 
stable parameter of quality of cervical spine intervertebral motion in flexion and extension 
through which abnormalities of local joint motion in the cervical spine may be investigated. 
 
2.2 Neck Motion Imaging. 
 
a. Global measurement of neck kinematics: 
 
Goniometry has been used to establish gross ranges of neck movement generally 107, 108, 
109, and at different ages 110 and to test animal models for the effects of mobilization 
treatment on restoration of joint function 111.  However, testing of the gross ranges of 
movement of a spinal region using goniometers cannot yield information about 
intersegmental behaviour 112, 113: one may well conceive of several joints with abnormal 
restriction of motion being masked in such an examination by several other joints moving 
excessively, yielding a “normal” conclusion to the examination.  Goniometry does not, 
therefore, qualify as an appropriate technique for the investigation of local joint motion, 
which is implicitly an abnormality of an individual joint motion segment. 
 
Some have developed methods to identify aberrant neck motion globally114, others have 
analyzed the smoothness of global neck motion115 (non-smooth, irregular motion has been 
reported in those with neck pain, suggesting motor impairment116). Many others have 
assessed global neck kinematics, but not intervertebral motion, in normal subjects and in 
those with neck pain, using helmets with laser pointers affixed to track head motion117, 
video cameras118, surface electromyography119,120, and in an assessment of a manual 
clinical diagnostic test121. Yet more have found correlations in neck pain subjects between 
gross neck ranges of motion and kinesiophobia (fear of motion), pain intensity and 
disability122. 
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In particular, Tsang et al123 have analyzed the interplay between global kinematics of the 
neck and the thoracic spine, using three dimensional electromagnetic motion sensors. 
They concluded tantalizingly that motion in the upper thoracic spine contributes to neck 
mobility and recommended that the upper thoracic spine be included during clinical 
examination of neck dysfunction. The same team, using the same techniques, examined 3 
dimensional spinal kinematics and movement coordination between the cervical, upper 
thoracic and lower thoracic spines in 34 individuals with neck pain and 34 age and gender 
matched asymptomatic controls, and concluded that assessment of the range of 
movement in the neck is insufficient to reveal motion dysfunction in chronic neck pain 
subjects124. Evaluation of angular velocity, acceleration and motion coordination should be 
included to facilitate the development of clinical care methods to help with restoration of 
differential kinematics and motion coordination. Finally, they investigated three 
dimensional kinematics and muscle recruitment patterns of the cervical and thoracic 
spines in chronic neck pain subjects when reaching overhead, thus providing clues for 
clinical interventions promoting recovery of functional disability commonly reported in 
those with neck pain125. 
 
b. Radiology 
 
(1) Introduction: 
 
The craniovertebral region is structurally and functionally quite unlike the rest of the spine 
and is not included in this analysis: only joint levels C2/3, C3/4, C4/5, C5/6 and C6/7 are 
considered.  Most studies involve the use of lateral plane neutral and sagittal flexion 
radiographs after the method of Davis126.  Although popular, cadaveric studies do not 
necessarily reveal what pertains in living subjects because motion is artificially induced, 
and the preparations do not include muscles and their possible effects on neck 
movements.  The following review is therefore limited to the literature addressing angular 
amplitudes of intersegmental movement in the neck in the sagittal plane in vivo, as studies 
of regional movements, and those considering cadaver spines, are not likely to illumine the 
intersegmental behaviour of joints in vivo sufficiently when one seeks data leading to 
further understanding of such issues as vertebral subluxation in the neck for chiropractors, 
or normal and abnormal kinematics of local cervical spine joint motion for surgeons. 
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(2) Cine-radiography and videofluoroscopy: 
 
Although several studies of this kind in the neck have been undertaken127, 128, 129, including 
one inconclusive study trying to assess the effect of manipulation on intersegmental 
movement130, only one has yielded other than qualitative data on intersegmental motion.   
 
The technique has been found useful in subjects having cervical spondylitic myelopathy to 
select candidates for surgery131, to choose the vertebral level for cervical fusion in patients 
with severe disc disease132, and, although the authors did not describe their film 
assessment method at all, to test the ability of orthoses to immobilise the neck133. 
 
Cine-radiographs of the neck in the sagittal plane have been compared for their diagnostic 
yield of information with static radiographs at the extremes of active ranges of movement 
in a symptomatic group of subjects for whom surgery was contemplated134.  Occasionally, 
aberrations of motion found on cineradiography were not evident on static views, but the 
converse was discovered, too, and was, in each case, judged to be of little significance.  A 
case report by a chiropractic radiologist alludes to a post-traumatic disruption of an alar 
ligament discovered by cineradiography but not revealed by flexion static projections135. 
 
Quality of image has historically been an inherent problem with cineradiography.  Because 
images thus obtained are represented on a screen, projected from a small roll of film, 
image detail is inferior compared with plane film radiography.  The resolution time of the 
eye for retinal image retention, in which the human visual apparatus can only sustain 
awareness of separate images in sequence, before “seeing” movement, is only 0.2 
seconds136.  Because cineradiography may move as fast as twenty-four frames per 
second, it seems that analysis may include illusions of motion or patterns or motion not 
congruent with reality, because variations in visual recognition of bony landmarks and 
perspective distortion may yield false impressions. 
 
Croft et al137 have studied the reliability of videofluoroscopy in cervical spine trauma, but 
only compared analysis of the images of 3 normal with 7 subjects who had suffered 
cervical spine acceleration/deceleration injuries in motor vehicle collisions. Astonishingly 
for notions of external validity, the average age of the injured subjects was 16 years. No 
attempt was made to quantify other than observer concordance. 
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The van Mameren Study: 
 
A fertile opportunity for investigation proved to be dissection of the component frames of a 
sequence, measuring the direction and amplitude and instantaneous centres of rotation 
(ICRs) of image changes, but it has only been undertaken by van Mameren and 
colleagues138. High-speed cineradiographs of ten normal young male volunteers were 
taken from full flexion to full extension and in reverse sequence as well. There were up to 
25 exposures for each excursion, which were converted to a static view and printed with 
each frame being of equivalent quality and detail to a conventional radiograph. The 
images were digitized and compared with others in the sequence to recreate and measure 
the trajectory of local joint motion either geometrically or algebraically. 
 
This method allowed amplitudes of motion and ICRs of each motion segment to be 
examined and measured against global motion of the neck overall, and in the context of 
the direction in which motion was initiated. The experiments were repeated two weeks and 
ten weeks after the first execution, allowing appreciation of the constancy of the 
observations of local joint motion amplitudes and their ICRs over time to be realized. 
 
They found that global amplitudes of motion in the cervical spine are not necessarily the 
sum of component local joint motion amplitudes at end range, and that local joint motion 
amplitudes exist as ranges dependent on direction of initiation of motion and which vary 
from time to time in the same subject at the same level using the same measurement 
technique. Specifically: 
 
1. The motion amplitude of the range from full flexion to extension or vice versa of a 
single level does not necessarily contribute to the full amplitude of motion overall. 
The full range of a single level is sometimes reached before full flexion or extension 
whereupon the vertebra may reverse its position in the sequence just at the end of 
full global flexion or extension. In other words, the full global amplitude of neck 
motion is not necessarily the sum of the local joint motion amplitudes at end range. 
This was most apparent in the first two motion segments. It invalidates the 
conclusions of one significant medico-legal study139. 
 
2. Segmental motion amplitude varied with global motion initiating from flexion versus 
from extension. This was most notable at the first and last segmental levels, 
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allowing up to fifteen degrees difference at a single level, and up to thirty degrees in 
aggregate for the whole cervical spine. Bogduk and Mercer140 conclude from this 
study that it’s moot as to which direction of motion initiation is to be preferred. 
Obviously, no single observation stipulates a definitive range of motion for that level. 
The uncertainty inherent in a measured motion amplitude may amount to as much 
as fifteen degrees more or less than the measured range (this is from the van 
Mameren study, as indicated in prior text), so claims of therapeutic success in 
restoring motion to a functionally pathological joint must be based on ranges in 
excess of that range of uncertainty. 
 
3. The study reveals ranges of motion amplitude not to be stable over time. Van 
Mameren et al found variations of more than five degrees from one measuring 
occasion to another, most particularly, again in the upper and lower cervical spine.  
 
4. The study also examined and detailed the extraordinary complexity of cadence of 
motion at each vertebral level141. Buonocore et al142 had asserted “The spinous 
processes during flexion separate in a smooth fan-like progression. Flexion motion 
begins in the upper cervical spine. The occiput separates smoothly from the 
posterior arch of the atlas, which then separates smoothly from the spine of the axis, 
and so on down the spine. The interspaces between the spinous processes 
become generally equal in complete flexion. More important, the spinous processes 
separate in orderly progression. In extension the spines rhythmically approximate 
each other in reverse order to become equidistant in full extension”. 
 
5. Van Mameren’s data contradicted this. In general, flexion was initiated in the lower 
cervical spine, with C6-7 making its maximal contribution to overall motion, and then 
C5-6 followed by C4-5. Next, motion occurred at C0-C2, then at C2-3 and C3-4. 
During this middle phase, the order of motion of C2-3 and C3-4 sometimes varied. 
Simultaneously, at this time, C6-7 reversed its motion, slightly extending, and, in 
some subjects, the same happened at C5-6. The final phase of local joint motion 
again comprises activity of the lower cervical spine from C4-7, and the order of 
activity of individual joints is C4-5, C5-6, and C6-7. During this phase, C0-C2 
usually extends. In summary, for flexion, C6-7 is the level of initiation and 
termination of motion, which is never initiated in the mid cervical levels. C0-C4 
contributes maximally during the middle phase of motion but in variable order. 
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6. In extension, van Mameren’s data were also at odds with Buonocore’s assertions. 
The first levels to move were in the lower cervical spine, but the order of 
contribution of individual segments varied. Then there was motion at C0-C2 and at 
C2-C4, but the order between C2 and C4 varied, too. Towards the end of the 
extension phase, there was a second contribution from C4-7, in which individual 
segments kept a sequential order of C4-5, C5-6, and then C6-7. At this end of the 
phase, C0-C2 reached its maximal amplitude. 
 
7. Key to appreciating the significance of van Mameren’s findings is their 
reproducibility. On separate occasions, subjects consistently revealed the same 
patterns of the order of maximal contribution of individual levels. The order of 
contribution of the component segments of the lower cervical spine was consistent 
during both flexion and extension, with any variation happening only at mid-cervical 
levels C2-4. 
 
8. Notwithstanding the foregoing, the dataset used by van Mameren is weak for 
notions of generalizability to the clinical world at large. The study cohort comprises 
ten young males who were examined for local intersegmental joint restriction by 
manual therapists as a screening procedure for notional normalcy of motion. The 
average age for presentation of neck related disorders is about 45 years of age, 
with a standard deviation of ten years. Males display smaller motion amplitudes 
than females, and after neck trauma, females are much more likely to be in severe 
pain and to have more disability143. Further, it is moot as to whether manual 
examination procedures leave neck joint motion amplitudes unmodified compared 
with motion amplitudes before the examination. A manual therapist uses at least 
some force to test the passive ranges of a small cervical spine joint, so can we be 
sure that the active joint motion is not thereby increased after? None of the 
foregoing endows reviewers of van Mameren’s study with full confidence that the 
results of his investigations are uniformly representative of reality in the clinical 
world at large for others of other circumstances, ages and genders. 
 
(3) Digitizing landmarks on flexion and extension radiographs and using computed 
calculation of motion amplitude parameters: 
 
 33 
 
Lin et al144, with 75 normal volunteers aged between 20 and 77 years, mean 47 years, with 
44 men and 31 women, evaluated seated lateral projection flexion and extension 
radiographs taken at a Film Focal Distance of 150 cms, with subjects’ thorax and pelvis 
braced with belts against the back of a chair. They were asked to “hold their shoulders 
bilaterally as low as possible to radiographically view the cervical thoracic junction”. They 
used digitization and measurement procedures following the computer-assisted method 
used in a previous study145 of the lumbosacral spine. 
 
Problematically for this investigation, one can argue that the forced braced posture altered 
normal naïve dynamics of the cervical spine, that no prior nod was determined or 
addressed as an issue (prior nod will cause the chin to meet the manubrium sooner and 
stop upper neck motion sooner than if the chin is protruded forward first before overall 
neck flexion is achieved), and no distinction was made for gender, or age differences. 
 
Another group146 used a mix of normal volunteers and people for whom such radiographic 
sets had been taken to rule out pathology and were read as normal by radiologists. A total 
of 137 subjects’ radiographs were measured for sagittal rotation and translation 
amplitudes, notably accounting for inter and intra observer differences as well as gender 
differences. Prior nod was not taken into account, nor age. Thus values secured for 
measurements of local joint motion in the upper spine at least may be contaminated if 
some radiographs were taken with prior nod and some without. 
 
A third team147 established rotation/translation ratios in a normal population of 44 volunteer 
health workers (22 female, and 22 male, ages 23-49 with a mean age of 31 years), and 
ICRs were calculated. Radiographs were taken passively, with forced flexion and 
extension from an examiner as exposures were made. Again, no account is made of age 
differences, there are too few subjects for convincing conclusions to be drawn, and only 
one examiner forces the flexion and extension amplitudes subjectively until the subject 
objects to discomfort from the exercise. Other examiners may have used less or more 
force, so this introduces variation not necessarily linked to the biological variation inherent 
in the observations of the subjects. 
 
A fourth team148 used 20 volunteers aged between 20 and 49 years (mean 31 years), 
comprising 11 females and 9 males. Radiographs were taken with subjects seated and 
actively depressing their shoulders, and although they report using the technique of 
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Dvorak (1991), presumably both for motion execution and measurement, no mention was 
made of whether active or passive motion was being performed. No accounting was made 
for prior nod (prior nod causes the chin to reach the manubrium sooner in active and 
passive neck flexion than if the chin is first protruded and then the neck flexed. This would 
change the values for rotation and ICRs in the upper neck joints), for female or male 
values separately, and age was not taken into consideration. As there were far too few 
subjects (only 20 overall for a thirty year age range and with both sexes represented) for 
the purpose of external validity in clinical practice. 
 
 
(4) Videofluoroscopy: 
 
To investigate the segmental percentage contributions in different ranges of cervical 
flexion, another team149 recruited 48 normal volunteers (24 male, 24 female) aged 
between 20 and 30 years (mean age 25.2 years +/- 3.4 years) and videofluoroscopically 
laterally imaged flexion and extension in the neck choosing 22 anatomical landmarks to 
digitize with what they regarded as a “well-accepted” radiographic method150,151.  Despite 
seeking normative data to apply to clinical situations, the authors report no separate data 
for males and females, and, of course, their subjects are all very much younger than most 
presenting for care of neck related symptoms in clinical practice. No allowance is made for 
prior nod, although standard deviations are reported. 
 
 
(5) Simple Visual Impression of Radiographs: 
 
A literature search on translation movement of cervical vertebrae which occurs with 
sagittal flexion and extension reveals one paper which ignores the work of others in the 
field, and does not address the errors in common landmark recognition and observer 
idiosyncrasy152. 
 
Several authors discuss sagittal plane inter-segmental ranges of movements from studies 
they have conducted, but they do not elaborate on the method used to assess the 
radiographs.  For simplicity, and because they give the impression that they have used a 
qualitative approach, they have been categorized as visual impressions. 
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An early investigator reviewed the correlation between morphology of the regions; the 
radiological evidence for flexion, extension and rotation of the region; and unquantified 
radiological image changes which he found in disc degeneration, arthritis, spondylosis 
deformans, foramen encroachment; ending with a brief discussion of anatomical 
anomalies in vivo153.  No attempt seems to have been made to correlate the severity of 
anomaly on the image with the degree of disability, or indeed to quantify any of the 
anomalies described. 
 
Another performed dynamic x-ray studies of the cervical and lumbar spines of fifty healthy 
subjects, revealing the presence of what he called ‘dynamic blocks’ (manually perceived 
loss of normal spinal intersegmental movement), but, again, he did not record precisely 
how he measured what he was observing154.  He felt able, however, to claim that 
disturbance of movement in one joint would affect movement in a neighbouring joint, and 
probably precede the onset of symptoms that were likely to result.  The potential fertility of 
this preliminary study to correlate image changes with signs and symptoms was not 
explored. 
 
An anecdotal case report of neck pain displayed the lateral cervical spine radiographic 
image of a single subject’s neck before and after a manipulative treatment to the neck, 
similarly giving no indication of the radiographic film assessment method155.  No further 
investigation on a satisfactorily large population of subjects as would permit conclusions 
that are more reliable was reported.  
 
 
(6) X-ray Photogrammetry: 
 
Several teams have used a modification of a geophysical mapping and survey technique 
to assess movement in the spine.  They have erected x-ray equipment using two image 
production sources perpendicular to one another, to give an appreciation of bony landmark 
position in space in three dimensions.  Bony landmark identification is a particular difficulty 
in this approach in the neck, because of the small size and anatomical complexity of the 
structures that results in superimposition of multiple images on the radiographic film 
produced for study. 
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Whilst several investigators have used this approach156, 157 only one has addressed the 
cervical spine158, but in a very cumbersome and clinically unsuitable fashion.  The paper 
described the development of a radiographically visible cage helmet to facilitate landmark 
perception constancy as a technique for use in further investigations.  However, no further 
observations have been forthcoming from this last author since the method was first 
described. 
 
 
(7) Overlay Measurement: 
 
This method, by Penning159,160, assesses the angular amplitude of intersegmental 
movements in the neck using two lateral projection radiographs, one in full flexion, and the 
other in full extension. Penning’s method has also been used to measure the mobility and 
even contour of the cervical spine in subjects with cervical spondylosis and its 
complications and in a control group.  Head movement amplitude bore no relationship to 
that of the neck, and the total range of movement equalled the sum of neck and head 
movement161. 
 
Another group used the unrefined Penning method to measure sagittal plane rotation 
ranges in a subject population similar to that of the originator of the technique162.  
Curiously, the two data sets disagreed at all levels except C5/6.  The effect of surgical 
fusion on intersegmental neck mobility has been observed with this method: the fusion of 
two or more vertebrae limited flexion and extension in the neck163.  Finally, the method has 
been used to measure instability of the athetoid cervical spine in cerebral palsy164. 
 
It is, however, possible with Penning’s method, to locate the instantaneous centre of 
rotation for each cervical vertebra165, 166.  He thus produced the first normative impressions 
of ICRs, although without quantitation, finding them to be in different positions at different 
cervical segments. At lower levels, the ICRs were close to the intervertebral disc of the 
level in question, but at higher levels, the ICRs were much lower than at this site. 
 
A frailty with Penning’s work is his failure to provide quantitative data, instead just 
displaying data graphically without the statistical parameters such as mean location and 
variance. He further failed to explain how ICRs from different individuals with vertebrae of 
larger and smaller sizes were plotted onto a common silhouette of the cervical spine. 
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Remediation of this defect would have to await the work of Amevo et al167, who also found 
Penning’s technique to be inaccurate because the images of vertebral bodies could not be 
traced consistently. They subsequently improved the technique, revealing much smaller 
inter-observer errors168, and ‘revealing the location of ICRs in a sample of 40 normal 
individuals169. Investigators in this study developed accurate maps of the mean location 
and distribution of the cervical motion segments based on raw data normalized for 
vertebral body size, and matched with quantification of inter-observer error. The locations 
and distributions matched those of Penning, but the new data, statistically quantified, 
uniquely allowed testing of hypotheses vis-à-vis normality or otherwise of ICR locations in 
any set of cervical motion segments. 
 
Of course, all of this initial method, and its refinement, implicitly look towards some 
comparison of a notional normal value set with a defined abnormal subject population of 
some kind. The first described exploration of abnormal ICRs in the cervical spine was 
undertaken by Dimnet and colleagues in a small project with ten subjects trying to develop 
a method to extract accurate quantitative and diagnostically useful information from 
radiographic images of flexion and extension in the human neck in the sagittal plane170. It 
quantified the error in landmark recognition, producing two types of data: kinematic, for the 
angles and instantaneous centres of rotation; and geometric, to examine the significance 
of the shape of the neck curve. 
 
The joint behaviour in the six normal subjects was consistent. The upper neck remained 
almost straight in flexion, and didn’t change in extension until just before full extension was 
achieved. Of the pathological cases, two had known structural anomalies (e.g. healed 
fractures, surgical fusions), and two had post-traumatic neck pain without attempts at 
morphological diagnosis on physical examination or routine radiography, and no localized 
area of pain. The latter subjects showed notable decrease in motion amplitude for all 
vertebrae relative to C7, and a decrease in relative motion in the lower portion of the neck, 
with some increase at Oc-C1. Motion was generally decreased, most pronouncedly in the 
middle neck, although pre-flexion nod of the chin has been shown to cause a different 
pattern of local joint motion in the neck in the sagittal plane171, no pre-flexion nod of the 
chin is reported here. The ICRs exhibited a wider scatter than in their normal individuals, 
but they compared samples of patients and not individual patients, their data thus did not 
reveal in a given patient what and how many ICRs were normal or abnormal and to what 
degree. 
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Mayer et al172 investigated the prospect of finding abnormal local neck joint motion in 
those with suspected cervicogenic headache. They had 12 symptomatic patients and 18 
unspecified controls, and reported that symptomatic subjects with cervical headaches 
exhibited abnormally positioned ICRs of the C2-3 motion segments, and those headaches 
were relieved by blockade of the C2 nerve roots. They did not report accounting for prior 
nod of the chin before flexion, which would produce a different pattern of motion than if the 
chin was first protruded forward before full flexion (in the former, the chin would reach the 
manubrium first, limiting motion of the rest of the neck). 
 
This claim was later investigated further173 by correlation of the location of the ICR of the 
C2-3 segment with diagnostic blocks of the C2-3 zygapophysial joints in a sample of 
patients with headaches. Those investigators found no significant association between the 
location of the location of the ICR and the response to diagnostic blocks. They opined that 
the discrepancy of their results with those of Mayer et al might have derived from previous 
insufficient attention to the precision and reproducibility of the techniques used to 
determine the ICRs (notably, Hinderaker et al did not report on whether prior chin nod took 
place before full neck flexion, so perhaps their conclusions remain tentative…). 
 
Mayer et al claimed that their method saved time compared with the overlay method, by 
digitizing landmark points on radiographs in both full flexion and full extension views with 
pre-flexion nodding. Computer plotting of the axis of flexion and extension then yielded the 
conclusion that the instantaneous centres of rotation in those with neck pain were outside 
the zones plotted in pain free subjects. Unfortunately, their normative data were poorly 
described with respect to ranges of distribution, and nor did they describe the accuracy of 
their technique used to determine either of normal or abnormal ICRs. 
 
These two studies just described, nevertheless, suggested that use of reliable and 
accurate techniques would yield identification of abnormal patterns of motion in those with 
neck pain, in the form of abnormal locations of their cervical segmental ICRs. 
 
Thus, Amevo et al174 investigated 109 patients referred to a specialist imaging centre with 
posttraumatic neck pain. Flexion-extension radiographs were taken and ICRs determined 
for all segments from C2-3 to C6-7. Where possible, these locations were then compared 
with their previously determined normative data from the year before175. It transpired that 
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77% of the patients with neck pain exhibited an abnormally located ICR at one segmental 
level at least, and this relationship proved to be highly significant statistically. There was 
clearly a relationship between traumatically induced pain and abnormal patterns of motion. 
 
Deeper analysis revealed that most abnormal ICRs were at upper levels, particularly at 
C2-3 and C3-4. Remarkably, there was, however, no relationship between the segmental 
level of an abnormally located ICR and the segment found to be painful under examination 
either by provocation discography or cervical zygapophysial joint blocks. Such an outcome 
invites speculation that abnormal ICRs are caused less by intrinsic abnormalities of a 
painful cervical segment, and perhaps more by something like abnormal muscle tension or 
spasm elsewhere in the neck. 
 
 
(8) Modified Overlay Measurement: 
 
An author described earlier what is a modification of the overlay method, drawing lines on 
tracing paper along the back of the vertebral bodies176.  Since then, several clinical 
investigators have used this approach in physical177,178 and manual medicine 179 to 
examine segmental rotation amplitudes.  
 
Another conducted a reliability trial in an attempt to improve technique accuracy.  He found, 
additionally, that the axis of rotation of a vertebra migrated posteriorly in extension, and 
that the index of movement (constructed from the movement diagram) also migrated 
backwards in subjects suffering vestibular symptoms180. 
 
Thirty-three young healthy symptom-free adults were used in a comparison of movement 
at level C2/3 in subjects with fractures about to undergo surgical stabilization.  Lines were 
drawn along the bottom of each vertebral body on the radiographic image, and the angles 
they made one relative to the other were measured.  This paper is one of few addressing 
the translation of neck joint surfaces181. 
 
To establish “objective criteria of the detection of a qualitatively abnormal mobility of the 
cervical vertebral units”, one team used this method without describing their technique fully 
enough to permit verification of their conclusion182. 
 
 40 
 
Quantitative data on the sagittal translation as well as rotation between normal cervical 
vertebrae under axial distraction load, or traction has been sought.  Making two pinholes 
through the region of the vertebral body end plate in both films, once visual “fit” was 
achieved refined the superimposition of one image on another.  Measurements were then 
taken from these holes rather than confronting the lack of constancy of anatomical 
landmarks which is a difficulty with these techniques183. 
 
A physiotherapist has further refined this method by incorporating overlay, using pinholes, 
and the measurement of linear distances within the joint interface184.  The data is 
converted trigonometrically to amplitudes of rotation and translation of certain points on 
the vertebral bodies, after measuring on a digitizer tablet connected to a microcomputer.  
The method is claimed to be reliable and valid, although no information to support these 
claims is provided.  This author claims, significantly, that the manner of flexion, whether 
the subject flexes the chin then the neck, or not, influences subsequent intersegmental 
movements.  No other authors in this group consider this. 
 
One team compared 50 normal volunteers using the modified Penning method with 50 
myelopathic cases in a Chinese population185. It did account for variations in age and 
gender but in each decade the numbers were too small for statistical rigour, and no prior 
nod was mentioned. 
 
 
(9) Angles from lines drawn on radiographs: 
 
To quantify local neck joint motion amplitudes in the sagittal plane, several bony 
landmarks are chosen as a basis for comparison from one radiographic view to the next. 
 
(i) Measurement of separation between vertebral body corners: 
 
To assess the effectiveness of cervical collars at immobilising ten normal male 
necks, one team chose changes in the distance from the anterior corners of the 
vertebral bodies as parameters186. It later corrected the gender bias of the 
original study by testing eleven normal female necks using the same method187. 
The second investigation revealed more motion in extension in women than 
men did in the first study, with more motion at level C7-T1 evident in women. 
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(ii) Posterior vertebral body lines: 
 
Those using a technique of drawing lines along the posterior margin of 
successive vertebral bodies suggested that C5-6 joint is more mobile than other 
joints in the region, and that this explained the greater incidence of radiologically 
revealed discopathy at this level188. 
 
Precise amplitudes of local angular joint motion have been sought by others 
who tried to measure the consistency of observations using this landmark from 
one time to another using a device restricting head motion in twenty normal 
subjects to the sagittal plane in flexion and extension189. Notably, the authors 
report no details of test retest correlations, and seem not to have tested the 
restraint device by measuring both restrained and unrestrained subjects. 
 
(iii) Horizontal Vertebral Body Lines: 
 
The degree to which functional radiographic examination can supplement static 
examination was examined in the sagittal plane in a small controlled study that 
also marked landmarks within bones to detect non-sagittal motion190. A table of 
values for local joint motion showed joints affected by radiologically evident 
discopathy exhibited reduced motion, with increased motion in the joint 
immediately above. Radiologically evident reduction in local joint motion in the 
absence of degenerative change was associated with symptoms referable to the 
neck. 
 
One team191 used this method to assess, on one hundred and one subjects, the 
effect of anterior vertebral body fusion for spondylitic myelopathy on local joint 
motion. Although its use of the method seemed uncritical (“analysis of the 
radiographs is easy and seems accurate enough …”) it felt able to conclude that 
the method was useful for assessing the sagittal plane flexion and extension 
motion changes resulting from one to three level fusions. 
 
Another group192 had a much larger cohort of normal subjects (140, reported as 
being “approximately equal” genders) with at least ten of each sex in cohorts 
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aged from 18 to 43 years, 44 to 63 years, and over 64 years. Landmark 
identification was based on horizontal lines drawn on a digitizer tablet between 
dots at the front and back of each vertebral body seen on flexion and extension 
radiographs. There was considerable variation in measured intervertebral 
rotations from one observer to another. Despite apportioning subjects to age 
and gender groups, no data for each subset was reported. 
 
Taylor et al193 relied on this method to assess inter-observer agreement for 
sagittal rotational amplitudes of motion from C2 to C7, comparing “usual” 
techniques (not described) used by three orthopaedic surgeons, a neurosurgeon 
and three radiologists, and a computer assisted method. Key to this study is that 
it was to seek data on instability and fusion. The “usual” method involved 
digitizing and de-identifying films, which were then read from a computer screen, 
but no description of “usual” was offered. At a later date the observers were 
offered a ten-minute tutorial on the use of computer-assisted technology to 
ensure appropriate understanding of the technology, and the images were again 
assessed. Agreement was poor for the usual methods (Kappa 0.17) and better 
for the computer assisted method (Kappa 0.77). The authors admit that there 
may have been better agreement between clinicians if they had used physical 
copies of radiographs to overlay films on a bright view box to measure (similar to 
this study), but this was not investigated. Further, there was no prior agreement 
on any quantitative definition of spinal instability or fusion, thus rendering 
conclusions about method superiority suspect. 
 
Much research on local joint neck motion is a by-product of attempts to stop 
motion in traumatized or otherwise painful necks 194,195. Paradoxically, perhaps 
attempts to move a subject’s neck to document motion on radiographs risk 
inducing motion which would not have been there had the procedure not been 
attempted. These latter methods reveal data on local joint motion amplitudes 
retrieved while regional motion is constrained and thus do not suit the purpose 
at hand here. 
 
Radiographic Summary. 
 
On sagittal (+ve and –ve X axis) rotations in the cervical spine C2-3 to C6-7. 
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Radiographic estimation of the normal amplitude of individual rotational joint motion in the 
human neck in vivo in the sagittal plane, the only region of the human spine in which 
motion is normally uniplanar, has been undertaken by many investigators. Some seek 
correspondence between changes in joint motion amplitude and the presence or absence 
of symptoms or disease, some want to know whether there are correlations between 
imaging and manual treatment, and some want to know whether a surgical fusion is 
necessary or has abolished motion after operation. 
 
Several difficulties attend the establishment of a catalogue of normal values for active 
sagittal plane individual neck joint motion from radiographs: because values measured by 
more than one observer, or by the same observer from one time to another will vary, 
quantification of inter and intra observer variability must be factored into the establishment 
of the table of normal values. 
 
Further, the manner of flexing the neck influences motion amplitude in the upper neck. If 
one tucks down the chin before flexion, one prevents the chin reaching the chest before 
full flexion has taken place, which otherwise results in passive extension of the upper neck. 
Thus, calculation of a mean value for the joint motion amplitudes should be augmented 
with values for the spread of values, revealing the quantum of natural variation in joint 
motion at each level. See Table 1, below. 
 
Table 1. Authors, who fully describe their methods for construction of their catalogues of normal 
rotation amplitude values, whether inter and intra observer variability (IOV) was quantified, whether 
there was pre-flexion nod, whether standard deviations were reported, whether gender and age 
variations were accounted for and the values they assert, in degrees. M and F in brackets refer to 
male or female. 
 
            Joint motion amplitude (degrees)   
           Author           C2/3       C3/4       C4/5      C5/6      C6/7       IOV     Nod  SD      Sex      Age 
Aho190 12.7 16.1 21.8 27.6 15.7 No No No No No 
Bhalla189  9.0 14.0 22.0 18.0 19.0 No No No No No 
Dunsker162 10.0 13.0 13.0 20.0 11.5 No No No No No 
Dvorak (M)160 12.0 17.0 21.0 23.0 21.0 Yes No Yes Yes No 
Dvorak (F)160 12.0 18.0 22.0 24.0 22.0 Yes No Yes Yes No 
Fisher113 12.3 16 19.8 20.1 16.3 No No No No No 
Johnson194 12.0 17.6 20.1 21.9 20.7 No No Yes No No 
Kottke112 11.0 16.0 18.0 21.0 18.0 No No No No No 
Mestdagh181 11.0 14.5 18.0 19.5 16.0 No No No No No 
Penning166 12.0 18.0 20.0 20.0 15.0 No No No No No 
Lind178 10.0 14.0 16.0 15.0 11.0 Yes Yes Yes Yes Yes 
Frobin (M)146 7.8 11.6 14.4 12.2 9.8 Yes No Yes Yes No 
Frobin (F)146 8.4 15.2 17.0 17.9 11.4 Yes No Yes Yes No 
Ordway148 13.0 17.0 19.0 19.0 17.0 Yes No Yes No No 
Holmes185 7.7 13.5 17.9 15.6 12.5 Yes No Yes Yes Yes 
Lin144 7.6 13.6 17.4 16.4 15.0 Yes No Yes No No 
Wu149 13.1 17.5 22.4 19.2 16.6 Yes No Yes No No 
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All authors record markedly differing values for their catalogues of normal ranges of 
sagittal plane rotation motion and none other than Lind et al have accounted for all of age, 
gender, inter-observer values, the effect of pre-flexion nod, and the variability of the 
observations from which mean values for which sagittal plane mid-neck inter-joint motion 
values are calculated. Lind et al, however, had only five subjects in each age and gender 
cohort and failed to provide any detail on differences of rotation vertebral motion amplitude 
of any age group compared with any other. Without such measurements, all data from all 
authors so far, and the conclusions they derive from the data, must be cautiously 
interpreted. 
 
The construction of sets of values for ICR is beset by similar difficulties. The Penning data 
is not quantitative, and all of the Dimnet, Worth, van Mameren and Amevo data fail to 
account for gender and age. Further, the Amevo data is applied to neck pain caused by 
trauma, which doesn’t exemplify the same patterns of pain and outcome as pain from non-
traumatic causes, so even this dataset is not representative of most neck pain in the 
community at large. Its so-called external validity is compromised. Finally, the 
establishment of ICRs, but not amplitudes of rotation, needs to account for variations in 
film focal distance (FFD), the distance from the anode, the generator of the radiation 
allowing the exposure image, of an x-ray machine tube, to the film inside the bucky film 
holder, when a given radiograph is exposed, as shorter FFDs amplify image size, and 
vertebrae will differ in size anyway196.  
 
These deficiencies in the literature afford little confidence in other studies for which values 
for abnormal states or joint motion patterns are compared with the existing catalogue of 
“normal” rotational values or ICR locations derived from the presently existing studies. A 
more useful catalogue accounting for age and gender is thus a necessary pre-requisite to 
full exploration of abnormal rotational joint motion and the locations of notionally normal 
ICRs. 
 
On +ve and –ve X axis (transverse, or say, left to right) instantaneous centres of 
rotation in the cervical spine C2-3 to C6-7. 
 
According to hypothetical argument from Bogduk et al197, mathematical analysis reveals 
that the site of an ICR derives from three things: the amplitude of rotation (θ) of a segment, 
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its translation (T), and the position of its centre of reaction (CR). The location of the ICR, 
with respect to any universal coordinate system (X,Y), is defined by the equations: 
 
XICR = XCR + T/2 
YICR = YCR – T/[2 tan (θ /2)] 
 
where (XICR, YICR) is the location of the ICR, and (XCR, YCR) is the location of the centre of 
reaction. This is the place on the inferior endplate of a moving vertebra where 
compression load on that vertebra is greatest, or the arithmetical average point where 
compression load is transmitted from the vertebra to the disc beneath. It’s also the fulcrum 
around which the vertebra rocks under compression, or around which the vertebra would 
rotate in the absence of any shear forces adding translation to the motion. 
 
These equations, although not accounting for all of the geometry of articular pillars, facet 
joints and the like, thus stipulate that the normal location and any abnormal location of an 
ICR is the result of the effect of compression forces, shear forces, and moments acting on 
the motion segment. It follows that: 
1. Compression forces exerted by muscles and gravity, and the resistance to 
compression of the zygapophysial joints and intervertebral discs of the motion 
segment define the location of the centre of reaction. 
2. Shear forces exerted by gravity and muscles, and the opposition to these forces 
exerted by the intervertebral discs and the zygapophysial joints determine the 
magnitude of translation. 
3. Moments exerted by muscles and by gravity, and the opposition to these exerted by 
tension in ligaments, joint capsules and the anulus fibrosus determine the amplitude 
of rotation. 
 
Thereby we may interpret the location of an ICR in anatomical and pathological terms. 
Relocation of an ICR from its normal location can only occur because of disturbance of the 
normal equilibrium of compression loads, shear forces or moments. Moreover, 
displacements in particular directions can only happen because of certain finite 
combinations of disturbances to these variables. For instance, the ICR equations require 
that downward and backward displacement of an ICR can happen only if there is a 
concomitant posterior displacement of the centre of reaction and a decrease in rotation.  
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Clearly, this is realized by increased posterior muscle tension. Whilst this tension 
eccentrically loads the segment in compression, displacing the centre of reaction 
posteriorly, this increased tension limits anterior flexion and decreases angular rotation. 
Thus if an ICR is displaced downwards and rearwards, it’s logically a strong sign of 
increased posterior muscle tension, its presence reasonably inferred from the behaviour of 
the motion segment. 
 
Upward displacement of an ICR occurs only with a diminution in translation, or an increase 
in rotation, if all other variables are constant. This form of displacement most readily 
results from flexion-extension without shear. In other words, the segment rotates only by 
forces acting parallel to the long axis of the cervical spine (the Y axis, in terms of a three 
dimensional orthogonal coordinate system of notation). Notably, this kind motion occurs 
during the initial phase of a rear-end collision, or whiplash198. 
 
A model of the biology of ICRs in the cervical spine, after Bogduk et al199. 
 
When any region of the spine moves from flexion to extension or the reverse, each 
vertebra can be regarded as following an arcuate track relative to the vertebra below. The 
axis of this arc lies somewhere below the moving vertebra and is known as the 
instantaneous centre of rotation (ICR). The site of this ICR is defined by the starting and 
end position of the vertebra on the arc. If the motion approximates to a single uniform arc, 
a single ICR representing the entirety of that motion may be constructed. 
 
Notionally normal positions of ICRs have been established for the thoracic spine in 
cadavers200, and for the cervical and lumbar spines in normal volunteers201,202,203. 
Moreover, some have claimed that average ICRs are abnormally located in subjects with 
neck pain204,205, and in lumbar spines with injury to the anterior, middle or posterior 
columns206. 
 
Notably, however, an ICR is a theoretical construct not corresponding to any anatomical 
structure. As explained above, it’s the axis about which the vertebra seems to move, and 
conveniently summarizes the forces operating on a motion segment, and is seen as 
representing the quality of motion of the segment207,208. This, however, begs for 
elucidations of precisely which anatomical structures or conditions explain the normal site 
of an ICR, and how injury or degeneration might cause its dislocation from normal. 
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ICRs are usually conceived of as relative motion between two adjacent vertebrae. One 
thinks of the upper vertebra as moving and the subjacent one as fixed. Location and 
motion of the upper bone is defined in terms of a coordinate system fixed in the unmoving 
lower bone and the axes are drawn through the posterior and inferior margins of that 
vertebra209. For these purposes, one conceives of the upper bone moving through a single 
uniform arc. Conversely, such motion can be thought of mathematically as a combination 
of translations and intrinsic rotations, defining the latter as a rotation of the upper bone 
moving about some point about it. Logically, then, the ICR must be a function of the 
translations and intrinsic rotations of the bone in question and thus be resolvable into 
these parameters. 
 
The value of such an exercise is that the location of the ICR may be understood in terms 
of compression forces, shear forces and moments governing the translations and intrinsic 
rotations of the moving vertebra, and then in terms of the anatomical features contributing 
to constraints on motions that result from these forces. Such ambition is not without its 
caveats, nonetheless210. Strictly speaking, no unique resolution of an ICR is possible 
mathematically. 
 
For any given ICR, an infinite number of combinations of rotations and translations may be 
discovered, each depending on precisely which point is selected for the centre of intrinsic 
rotation. Mathematically, there are no grounds for choosing one such point over another, 
and this is possibly why biomechanists have not sought to resolve ICRs in the manner 
suggested, being content just to describe simply normal and abnormal locations. 
 
Although such resolution is not possible on mathematical grounds alone, if one embraces 
an anatomical criterion to define a unique centre of intrinsic rotation, it may be done. The 
Bogduk study describes such a nominated criterion and suggests a model for how ICRs 
may be resolved into anatomically (clinically) meaningful parameters whose behaviour 
reflects pathological change in a motion segment. 
 
ICRs are not unique to the spine, but apply to any joint exhibiting angular motion. In 
condylar synovial joints, the concept of centre of reaction applies. This is the point of 
contact between a curved articular surface and its opposite surface, the point at which 
compression forces are transmitted between the two bones, when angular motion takes 
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place, the centre of reaction is the pivot point about which the moving bone rotates, the 
latter being an intrinsic rotation. Then, as rotation proceeds, incrementally, a new point is 
brought into contact and is a new centre of reaction. If translation also occurs during 
motion, it may be described as a translation of each centre of reaction, incrementally. The 
ICR describing this motion emerges as a mathematical function of the site of the centre of 
reaction, the angular rotation about it, and the translation it undergoes. 
 
Similarly, with vertebral motion, even though an intervertebral disc separates consecutive 
vertebrae, one perceives the centre of reaction occurring between the vertebral endplate 
of the moving bone and the disc on which it rests. 
 
In this conceptual model of vertebral bone motion, the centre of reaction is expressed as 
the point about which the bone rotates and which displays uniaxial translation.  The ICR 
describing the motion undergone can then be resolved into constituents describing the site 
of the centre of reaction, its translation, and the amplitude of rotation demonstrated by the 
moving bone. 
 
In biological terms, the centre of reaction of a vertebra is a function of the compression 
load borne by the vertebra and the resistance to compression of the underlying disc. If the 
disc is homogeneous, its resistance to compression will be uniformly distributed across the 
inferior vertebral endplate and the centre of reaction will lie at the mathematical centre of 
the disc. Discs, however, are not uniform, but nevertheless the centre of reaction will lie at 
a point representing the mathematical average of the interaction between the compression 
loads on the bone and the stiffness of the disc beneath (this present model does not 
account for bending of the vertebral end plate, or the effects of degenerative change in the 
joint). 
 
This model does not assume the site of the centre of reaction of any vertebral motion 
segment, but rather, may facilitate kinematic analysis to find the location of the centre of 
reaction and thereby provide insights into the compression loads and stiffness properties 
of a disc in vivo. 
 
Bogduk et al211 propose a theorem: given that for any point on the inferior border of a 
moving vertebra, it can be shown that the angle subtended at the ICR by the arc of its 
motion equals the angle of rotation undergone by the vertebra as a whole212. Accordingly, 
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if a centre of reaction C lies on the inferior border of a vertebra and undergoes no rotation, 
only translating to a new position C’, the angle subtended at the ICR by the interval CC’ 
must equal the angle of rotation, or, angle CRC’ = θ. Since CR-C’R, the triangle CC’R is 
isosceles, and the perpendicular bisector of CC’ bisects the angle CRC’ if the midpoint of 
CC’ is H, 
CC’/2= HR tan (θ /2)  
 
If T is the translation undergone by C 
 
then CC’ = T 
 
whereupon HR = T* 1/[2 tan (θ /2)] 
 
In an arbitrary reference system whose abscissa is parallel to the direction of translation, if 
the coordinates of the centre of reaction in the first position of the vertebra are (XCR, YCR) 
and the coordinates of the ICR are (XICR, YICR). 
 
 XCR = XICR – CC’/2 
 and 
 YCR = YICR – HR   
 whereupon   
 XCR = XICR – T/2   
 and YCR = YICR – T/(2tan{θ /2}) 
 
Since every point in a rigid body undergoing pure translation travels in a parallel path 
exactly the same distance, CC’ is definitionally parallel to the direction of translation, and, 
given that HR is perpendicular to it, if the positions of the vertebra are known and if the 
location of the ICR is known, when one draws a line from the ICR perpendicular to the 
direction of translation, and if further lines are drawn either side of the first mentioned line 
at an angle of Q/2, these latter two lines will intersect the inferior margins of the vertebra at 
the position of the centre of reaction in each of its two positions. 
 
These equations reveal that the position of an ICR can be related strictly to the centre of 
reaction of a vertebra, its rotation and its translation. Furthermore, not only do the ICR 
equations stipulate the normal relationships between these parameters, but they also 
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dictate that abnormal ICRs can only result from certain, definable abnormalities in the 
centre of reaction, the rotation, or the translation. 
 
For example, because the XICR is independent of the amplitude of rotation, horizontal 
displacement of an ICR from its normal site can only result from changes in the centre of 
reaction or the translation. The YICR may be lowered if forward translation increases or if 
rotation reduces. On the other hand, elevation of the ICR can only happen if translation is 
reduced or rotation increased (see Figure 2 below). 
 
Abnormal shifts of an ICR into quadrants (say, forwards and upwards or forward and 
downwards etc.) can only arise with changes in the centre of reaction, rotation or 
translation that are compatible with changes allowing displacement along each of the two 
orthogonal axes defining the quadrant. 
 
Thus, upward and forward displacement of an ICR is compatible only with simultaneous 
net forward displacement of the centre of reaction and decrease in rotation. Backward and 
downward displacement can only arise with concurrent net backward displacement of the 
centre of reaction and a reduction in rotation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Possible changes in CoR (Centre of Reaction) accounting for changes in an ICR. 
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These rubrics enable normal ICRs to be understood in terms of these elements governing 
the centre of reaction, rotation and translation of the moving vertebra. 
 
By definition, the centre of reaction is ruled by the compression forces operating on the 
vertebra, and the compression stiffness and homogeneity of the disc beneath. In cervical 
vertebrae, compression of the facet joints must also be considered, as these bear weight, 
too (consideration of this aspect is beyond the scope of this dissertation). 
 
Compression forces acting on a vertebra comprise all of the weight of the head and/ or 
trunk above it, and the vector forces of any muscles acting on the vertebra in that direction, 
directly or obliquely. Since the weight of the head or trunk doesn’t change with injury or 
disease of the spine, abnormalities of an ICR are unlikely to be affected by these factors. 
One must thus necessarily conclude that the cardinal determinant of the centre of reaction 
in terms of compression forces is solely the action of muscles. 
 
Increased posterior muscle force tends to force the centre of reaction posteriorly. 
Correspondingly, reduced posterior muscle force tends to force the centre of reaction 
anteriorly. Similarly, increased anterior muscle force tends to displace the centre of 
reaction anteriorly and reduced anterior muscle force tends to displace the centre of 
reaction backwards. 
 
The other determinant of the centre of reaction is compression stiffness of the disc. If 
posterior stiffness reduces, the anterior disc bears more of the load and the centre of 
reaction displaces forwards. If anterior stiffness reduces, the centre of reaction moves 
posteriorly. When one accounts for the weight-bearing facet joints in the neck, posterior 
column fractures after trauma impairing their function will shift the centre of reaction 
forwards. 
 
Amplitude of rotation is governed by the moments acting on the vertebra, produced by the 
weight of the head or trunk in flexion or extension or by muscle action. The moments are 
opposed by antagonist muscles and by those ligaments longitudinally angled. The latter 
comprise all of the supraspinous, interspinous and longitudinal ligaments as well as the 
capsules of the facet joints and the anulus fibrosus. 
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Increased amplitude of rotation is unlikely to result from extra muscle exertion unless the 
person pulls harder into flexion or extension. Instead, increased rotation amplitude 
suggests loss of those factors restraining rotation, like weakened muscles, impaired 
longitudinal ligaments or reduced tension in the anulus fibrosus. Reduced rotation 
amplitude suggests either muscle tension constraining motion or increased stiffness in the 
ligaments or the anulus fibrosus. 
 
Rotation is also affected by disc stiffness. Loss of posterior disc stiffness would let the 
vertebra bend further backwards, and similarly loss of anterior stiffness would permit more 
forward rotation. Contrariwise, increased stiffness would constrain rotation motion.  
 
Translation results from shear forces of the weight of the head or trunk during sagittal 
rotation and is offset by locking of the facet joints or by transversely oriented ligaments, of 
which the fibres of the anulus fibrosus are the only example. Since the weight of the head 
or trunk doesn’t change with disease or trauma, reduced translation suggests changes 
only in either the facet joints or the anulus fibrosus. Increased translation might occur with 
facet injury or laxity of the anulus fibrosus, while the converse suggests increased stiffness 
of the anulus fibrosus. 
 
Muscles of the neck and lumbar spine exert shear forces in some spinal postures and no 
doubt augment any increase or decrease in translation but the coincident compression 
forces they exert dwarf those shear forces. Thus, if translation reduces because of muscle 
action, this action would concurrently be revealed and to a greater extent by reduction in 
the amplitude of rotation and by change in the centre of reaction. 
 
It follows from this analysis that changes in the centre of reaction, rotation amplitude or 
translation distance result only from a small number of pathological changes. 
Consequently, because such transpositions of an ICR into various quadrants can only 
derive from changes in a few defined biomechanical parameters, they can only be 
produced by a few defined pathological changes (see Table 2 below). 
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Table 2: A summary of cardinal biomechanical changes fundamental to changes in the site of a 
centre of reaction, the amplitude of rotation or the magnitude of translation. The + symbol signifies 
increase in translation or rotation or a forward shift of the centre of reaction. The – symbol signifies a 
reduction in translation or rotation or a backward shift of the centre of reaction. CR is centre of 
reaction, Θ is rotation angle and T is translation. 
 
 
Change in biomechanical property 
 Disc stiffness Muscle force Shear stiffness Ligament tension 
Change in 
parameter Anterior Posterior Anterior Posterior 
Anulus 
fibrosus Posterior Anterior 
Facet 
impaction 
+CR Increased Decreased Increased Decreased --- --- --- Impaired 
-CR Decreased Increased Decreased Increased --- --- --- --- 
+Θ  Decreased Increased Decreased --- --- Decreased or > 
Decreased 
or <  
-Θ  Increased Decreased Increased --- --- Increased or > 
Increased 
or <  
+T --- --- --- --- Decreased --- --- Impaired 
-T --- --- --- --- Increased --- --- --- 
 
Consequences of changes found in Table 2: 
 
1. Backward and downward translocations of ICRs are, according to Bogduk et al213 
the commonest found in the cervical spine although they offer no reference. The 
ICR equations thus dictate that such displacements can happen only with a 
posterior shift in the centre of reaction together with a reduction in rotation 
amplitude. It follows, then, that this is best explained by an increase in posterior disc 
stiffness or greater posterior muscle force. 
2. Upward and forward displacement of ICRs can be due only to a forward shift in the 
centre of reaction paired with increased rotation amplitude. This then means that 
there must be greater anterior muscle force or decreased posterior muscle force 
due either to ligament weakness allowing extra motion for a given muscle force, or 
posterior muscle weakness. 
3. If forward and downward shift of an ICR is due to increased translation, this strongly 
suggests laxity in the anulus fibrosis or loss of resistance in the facet joints. If there 
is no radiographic evidence of facet joint damage, anulus flaws emerge as the only 
possible cause. 
4. Forward and downward displacement of an ICR due to anterior shift in the centre of 
reaction together with reduced rotation must, it follows, be due to anterior disc 
stiffness. 
5. Upward and backward shift of an ICR suggests increased stiffness in the anulus 
fibrosis reducing translation, or decreased anterior disc stiffness. 
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Despite an assortment of possibilities for each kind of displacement, their number is finite 
and few and they are capable of being discriminated. One must establish whether the 
cardinal abnormality lies in the centre of reaction, the rotation or the translation. Once 
found, clarity of mechanism is revealed. Clinically, one may find the amplitude of rotation 
by measurement of the angle between any two borders of the moving vertebra in its two 
positions, then the site of the centre of reaction may be derived by construction since it lies 
on the inferior endplate of the moving vertebra and along a line that the ICR subtends an 
angle of θ/2 with another line perpendicular to the direction of horizontal translation. The 
amplitude of translation is the distance between the locations of the centre of reaction in 
the two positions of the moving vertebra. 
 
Key to understanding the value of the model elaborated above, that of resolving an ICR 
into the location of the centre of reaction and the rotation and translation of a vertebra, is 
that it facilitates the interpretation of abnormalities of an ICR in both anatomical and 
pathological terms. This then promotes the ICR from mathematical idea to biologically 
meaningful entity. Interpreting an ICR in these terms facilitates decisions as to whether 
any aberration can be attributed to an anatomical change in the affected motion segment 
or to another factor such as muscle tension. 
 
In summary, Bogduk and co-workers have provided a model for resolving ICRs and an 
algorithm for interpreting them, but lamented the lack of normative data on locations of 
centres of reaction and normal ranges of translation at the time they were working. This 
study now provides that normative data and it’s now possible to explore a quantitative 
demonstration of the utility of their model. 
 
Such a catalogue of ICRs necessarily embraces the following characteristics: 
 
1. Since joints stiffen with age, three age cohorts would be secured, from, say, 
30 years to 39 years, from 40 year to 49 years, and from 50 to 59 years. This 
spans the years in which people most commonly present for attention to 
neck related disorders. 
2. Since women are generally thought to be more flexible than men are, roughly 
half of the overall group of subjects should be women and half men. 
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3. Radiographs should be taken the same way, with, say, no prior nod of the 
chin down to the chest in flexion, but with the chin first protruded, then full 
active flexion carried out. 
4. To secure a good chance of reaching statistical significance, the study would 
seek permission from an institutional ethics committee appropriate for the 
study for a large enough cohort in each sub-set, say at least 30 volunteers. 
 
This would lead to the development of a total of six sets of values, one for each gender 
and three age ranges, something no previous study has ever undertaken, despite the 
tendency for earlier authors to report notional “normal” values for both motion amplitudes 
and ICR locations which may not be reliable.  
 
The following null hypotheses are thus proposed: that no such data in neck kinematics can 
show differences in values from age cohort to age cohort and/or from gender cohort to 
gender cohort. Specifically: 
 
1. Ho age and sex combined have no effect on any joint level X axis coordinate values 
2. Ho age has no effect on any joint level X axis coordinate values 
3. Ho sex has no effect on any joint level X axis coordinate values 
4. Ho age and sex combined have no effect on any joint level Y axis coordinate values 
5. Ho age has no effect on any joint level Y axis coordinate values 
6. Ho sex has no effect on any joint level Y axis coordinate values 
7. Ho age and sex combined have no effect on any joint level rotation amplitudes 
8. Ho age has no effect on any joint level rotation amplitudes  
9. Ho sex combined has no effect on any joint level rotation amplitudes 
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CHAPTER THREE 
 
MEASURING LATERAL PROJECTION 
CERVICAL SPINE RADIOGRAPHS IN 
FLEXION AND EXTENSION 
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Method. 
 
3.1 Recruitment of volunteers. 
 
Before beginning active recruitment of volunteers for securing notionally “normal” 
functional radiographs of flexion and extension in the sagittal plane, ethical approval for 
the project was sought and received (see Appendix D). Later, after an objection by a 
medical radiologist to a chiropractor (this investigator) undertaking human research 
incorporating the use of ionizing radiation, the Human Research Ethics Committee at the 
University of Queensland withdrew ethical approval for the project. Data on radiation dose 
for the projections had been sought from the (US) Health Physics Society as a physicist 
had advised orally that this source was generally used for such purposes worldwide. 
Correlations of that data with recommendations from the Australian Radiation Protection 
and Nuclear Safety Agency revealed project volunteers’ radiation doses to be less than 
two percent of the ARPANSA suggestions, but this did not move the Committee. They 
required an experiment to secure radiation doses for the project specifically using the 
facilities in which the radiographs would be taken. This extra requirement was met (see 
Appendix D) and after two years the permission was reinstated. 
 
Recruiting radiologists to agree to take radiographs in their clinics also proved to be 
difficult: most of the last decade has been spent trying to secure such agreement. 
 
Recruitment of volunteers was secured by the placing of notices in the reception rooms of 
the radiology suites asking for volunteers. To encourage staff at reception and behind the 
scenes, large boxes (40cms x 30 cms x 20 cms) of wrapped chocolates were placed out of 
view behind the reception desk as a reminder to staff to ask for volunteers. The boxes 
proved to increase yield of suitable volunteers and were replenished frequently. 
 
Those members of the public who enquired were screened for suitability to undergo 
radiography by desk staff that followed a pre-arranged checklist. The radiographers 
followed a pre-arranged protocol for the radiographic exposures, which was also listed 
prominently on a laminated sign mounted on the wall in the radiography suite next to the x-
ray machine. Film focal distance (the gap from radiation source to the x-ray film) was as 
usual for that facility. The radiographs were not read by a radiologist, and were placed into 
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a jacket for retrieval, logging and de-identification, and the films have since been kept 
under lock and key. 
 
3.2 Marking and measuring radiographs. 
 
Two examiners, Dr Bruce Rock and Dr Jeb McAviney, (not the author), chiropractors, each 
with at least ten years’ experience in reading and marking radiographs examined and 
measured 193 sets of lateral cervical spine projection radiographs of ethically approved 
volunteers comprising three age cohorts (30 to 39 years; 40 to 49 years; 50 to 59 years) of 
both genders. They practiced using the method until they felt able to perform the task 
reliably, about ten sets of radiographs. Only the author analyzed the outcomes of the data 
collection and measurement process. Each radiograph had been taken by radiographers 
in Brisbane and Ipswich local medical radiology practices at standard film focal distance 
for that facility, usually 172 cms, and at their usual milliAmperage and kiloVoltage peak, 
according to the following protocol on a sign mounted on the wall of the radiology suite 
next to the x-ray apparatus: 
 
(NORMAL NECK MOTION PROJECT, University of Qld) 
 
1.  Volunteer given Information Sheet for Volunteers, then reads and signs Consent Form in front of witness, who 
signs also. 
 
2.  Subject standing. 
 
3.  Subject shrugs both shoulders twice, then relaxes. 
 
4.  Subject turns head actively left and right twice, then closes eyes and settles to a sense of suitable neutral. 
 
5.  Subject opens eyes, and neutral lateral radiographs are taken. 
 
6.  Subject moves chin so as to reach as far forward as possible, then down onto chest as is comfortable and 
flexion radiograph taken. 
 
7.  Subject extends neck as far back with chin as high as possible, and extension radiograph taken. 
 
8.  Radiographs to be identified with date, name, gender and date of birth. 
 
9.  Radiographs are NOT to be read by the radiologist, but put in film packet with consent form and delivered to or 
picked up by …. 
 
 
The flexion and extension projections of each subject were analyzed according to the 
method used by Amevo et al214, necessarily quoted fully for clarity and explanatory power. 
“Tracing radiographs: Firstly, each flexion radiograph was secured firmly 
onto a viewing box with a light source. Four reference points were marked 
in ink on the images of each vertebral body. These were then placed near 
the extremes of each corner of the vertebral body but without obscuring the 
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image of the cortical margin. The radiograph was next covered with a 
transparent film of acetate, and the reference points marked on the 
radiograph were traced onto the film. Then, the cancellous margin was 
identified by scanning the image of the vertebral body from its centre 
towards its edges. This margin, defined as the first region where cancellous 
cavities are replaced by a continuous line of cortical bone, was traced onto 
the acetate film using a 0.25mm ink pen (see Figures 3 & 4). A dotted line 
was used to trace this margin so as not to obscure it during the act of 
tracing, and so that subsequently, when multiple tracings were to be 
superimposed, individual tracings would not be totally obscured and could 
still be recognized. 
 
 
 
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Close-up lateral radiograph of two cervical vertebrae. The broken line reveals how the 
cortico-medullary junction of the vertebral body may be marked. For comparison, the outer cortical 
margin of the upper body is outlined by a solid line. 
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Figure 4. Flexion cortico-medullary demarcation line tracing on a tri-acetate transparent film. 
 
The extension radiographs were traced separately in a similar manner 
except that reference points were not marked on the radiographs and 
copied onto the tracings. To establish that the extension tracing of any 
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vertebra was identical to its flexion tracing, superimposing the extension 
tracing onto the flexion tracing compared the two tracings. The extension 
tracing was then adjusted until a ‘best’ fit of the two images was obtained. 
The ideal best fit was defined as occurring when each of the four borders of 
the vertebral body (as seen in the flexion tracing) could be perfectly and 
simultaneously superimposed on the corresponding borders in the 
extension tracing for at least 75% of their respective lengths. An adequate 
fit was accepted if at least two or more orthogonal margins (preferably the 
posterior and inferior) could be simultaneously superimposed for at least 
75% of their lengths with at least 50% of each of the remaining margins 
being fully superimposed. If any pair of tracings failed to satisfy these 
criteria, the tracings were repeated. If again they could not be 
superimposed, that segment and that subject were excluded from further 
study. 
 
Once a fit had been obtained between the extension and flexion tracing, the 
four reference points previously marked on the flexion tracings were 
transferred onto the extension tracing to record implicitly the criteria used to 
judge the fit and to allow consistent registration of corresponding images in 
later stages of the process. The bottom and rear external margins of the 
vertebral bodies were similarly dot marked. This procedure was repeated 
for all the joints from C2-3 to C6-7. See Figure 5 below. 
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Figure 5. Extension dot tracing on a tri-acetate transparent film, for plotting Instantaneous 
Centres of Rotation (ICRs). 
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Plotting ICRs 
 
In preparation for plotting the ICR for any motion segment, the extension 
tracing of the lower vertebra was superimposed on the flexion tracing using 
the four reference dots to obtain exact registration, and the superimposed 
tracings were covered by a third sheet of acetate. The lower vertebra and 
its reference points were then traced onto this sheet. If the flexion and 
extension tracings of this vertebra superimposed exactly, its margins were 
faithfully traced. If along any section of any margin, the flexion and 
extension tracings did not fully coincide, the line drawn as the 
representative tracing was one passing midway between the two visible 
lines. 
 
Next, the two sets of four dots that marked the upper vertebra of the motion 
segment in its flexion and extension positions were traced onto the third 
sheet of acetate. This process was repeated for each motion segment from 
C2-3 to C6-7 in each subject. See Figure 6 below. 
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Figure 6. The third acetate, with dots from flexion and extension acetates and the posterior 
and inferior vertebral body outlines at each level from C2-3 to C6-7. 
 
 
Because they were to be used in multiple and repeated constructions and 
calculations, the tracings of each motion segment were photocopied. One 
photocopy was used to plot the ICRs (see Figure 7, below), the other to 
 65 
 
calculate rotation angles (see Figure 8, below). Identical points on the 
moving vertebra in each segment were connected by lines drawn in fine 
pencil (less than 0.2mm in diameter), and perpendicular bisectors of each 
interval were constructed using a protractor and ruler. If each of the four 
bisectors converged to a single point, this was taken as the ICR. If one or 
more bisectors failed to converge, their construction was checked and 
repeated until convergence occurred; if not, that segment was rejected from 
further study unless it was found that at least three bisectors consistently 
converged, in which case that point of convergence was taken as the ICR. 
 
 
3.3 Marking a coordinate system 
 
To express the location of each ICR in digital terms, an X-Y coordinate 
system was constructed on the lower vertebra of each motion segment (as 
drawn on the third sheet of acetate). The system was drawn such that the X 
and Y axes were simultaneously tangential to the posterior and inferior 
margins of the vertebra respectively, with the origin of the system lying near 
the posterior inferior border of the vertebral body. The system was selected 
by superimposing the tracing of the vertebra on graph paper and adjusting 
the orientation of the vertebra until two orthogonal lines on the graph paper 
could be perceived as depicting the optimum orientation of an X-Y system. 
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Figure 7. Photocopy of tracing three, with perpendicular lines drawn midway between each 
dot pair representing flexion and extension markers. Where the perpendiculars (all 4) meet is 
defined as the instantaneous centre of rotation, and its position as abscissa and ordinate 
revealed by placing this image over a 1mm graph paper sheet and reading off and recording 
X and Y values for its position. 
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Figure 8. Second photocopy of tracing three, with lines drawn between each dot pair 
representing flexion and extension positions, to establish angular displacement. Note that 
this is done twice at each vertebral level from C2-3 to C6-7 and the values averaged. 
 
 
In cases where the vertebral margins were relatively straight, optimum 
orientation was deemed to occur when greater than 50% of both the 
posterior and inferior margins respectively coincided with orthogonal lines 
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on the graph paper (Figure 9a). When the posterior and inferior margins 
were curved, optimum orientation was defined as the point when the 
orthogonal lines simultaneously passed tangentially through the innermost 
apices of the curves, provided that at no point did any ‘would-be’ axis 
actually transect its respective margin, and such that each axis was 
simultaneously as closely parallel to the perceived average orientation of its 
respective margin (Figures 9b and c). During the selection of the X-Y 
system, if one axis was not parallel to its margin, the tracing was readjusted 
until this axis was brought more closely parallel, if in doing so the orientation 
of the other axis was not unduly compromised. 
 
In vertebrae where the posterior and inferior margins were divergent and 
not orthogonal, the X-Y system was fitted such that the axes were 
simultaneously tangential to or as closely fully superimposed on the 
segments of the posterior and inferior margins closest to the proposed 
origin of the coordinate system (Figure 9d). Once selected, the coordinate 
system was drawn on the tracing, and the location of any ICR was recorded 
in terms of X and Y coordinates (in mm).” 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Demonstration of the way in which X-Y coordinate systems were fitted to vertebral body 
silhouettes of varying shapes. In each case, the axes are coincident or tangential to their respective 
borders, but never transect the border whilst simultaneously staying as closely parallel as can be 
achieved to the mean orientation of those respective borders. 
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For extra reassurance that the observations of the two observers in this project were as 
reliable as could be contrived in their observations and calculations, an extra step was 
added during the process of best fitting images such that when the extension tracing was 
superimposed over the flexion tracing and adjusted for best fit, the tracings were also 
placed on the radiographs and examined for best fit, such that the extension tracing was 
checked against the images of the flexion radiograph, and the flexion tracing was checked 
against the images on the extension radiograph. 
 
When the photocopies were made, an extra copy allowed for drawing lines at both upper 
and lower levels of the vertebral body images on the photocopy to measure angular 
displacement (x-axis rotations), and any discrepancy was averaged and recorded (Figure 
10). 
 
 
Correction for variation in bone size: 
 
Because variations in film focal distance change the size of bone images, and most 
cervical spine bones vary in size from one person to another, I introduced a correction 
factor when assessing ICR values215. The height of the vertebra is measured as the 
perpendicular distance from the midpoint of the inferior margin of the vertebra to the 
superior border. The width is the perpendicular distance from the midpoint of the posterior 
border of the vertebra to the anterior border. 
 
I have used the term 'factor' for the measurement of width or height, which is divided into 
the ICR X or Y, and the result is described as sICR. See Appendix B, Tables 51 to 56 for 
standardized data, and Tables 9 to 14 below, inclusive, for mean values, standard 
deviations and ranges of widths and heights of vertebral bodies as outlined by their 
corticomedullary margin, measured directly from radiographic tracings.  
 
A “ Normogram”: 
 
To facilitate the determination of an ICR as notionally “normal” or “abnormal”, I established 
the standardized normal position of an ICR as the intersection of the mean X and Y 
coordinate positions but with a two standard deviation range plotted on a diagram as an 
ellipse with the ICR at its centre (see Figure 10, below). 
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This “normogram” comprises a series of rectangular silhouettes outlining the useful 
external dimension of the vertebral bodies of C2-3 to C6-7 levels whose dimensions are 
proportional to the average width and height of these vertebral bodies as described in 
Tables 4 to 9. Each rectangle is subdivided by a 10mm by 10mm unit grid to allow plotting 
of the standardized ICR. This was done on commercially available graph paper. Note that 
the illustration chosen to represent this pictorially is from male subjects in the 50 to 59 
years age group, and other cohorts of age and gender differ in appearance according to 
their data. It is possible for the elliptical range to fall outside the rectangles represented 
and this happened for females in the 50 to 59 years age group at the levels C5-6 and C6-7. 
In these cases, the grid is simply extended beyond the rectangle’s superior margin and 
appropriate comparisons made. Each elliptical silhouette thus displays the mean location 
of the ICR for that level in that age and gender cohort, and the normal range of distribution 
of the ICR for that segment. 
 
The idea of the “normogram” is that values falling outside the ellipse for a given equivalent 
joint level in a subject of the same age and gender cohort are defined, with 95% 
confidence, as abnormal.  
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Figure 10. A cervical spine “normogram”. The bold rectangles are the simplified outlines of the C3 to 
C7 vertebral bodies based on their average heights and widths. Grids from an ordinary piece of 
graph paper with 1mm divisions are superimposed to permit efficient plotting of the standardized 
ICRs. The mean location of the ICR for each segment is signified as a central point surrounded by a 
bold ellipse representing the 95% confidence limit of the two standard deviation range of the 
distribution of ICRs for that segment in asymptomatic individuals in that age and gender cohort. The 
rectangles are augmented by illustrations of typical vertebral body shapes to clarify the ways in 
which the rectangles relate to the vertebral bodies. 
 
 
 
 
 
 
 
3.4 Data analysis. 
 
No power analysis was performed before data were collected: it was judged that about 30 
subjects in each cohort would suffice. This may be a frailty of the project. Given that there 
were two observers (who did not analyze data: that was done solely by the candidate), a 
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two way MANOVA was carried out by a statistician to assess the effect of age and gender 
on each of the measurements. Testing for a significant interaction between age and sex 
was examined first. Where this interaction was not significant, the MANOVA was fitted to 
assess the main effects of age and sex. Where appropriate, post-hoc multiple comparison 
tests were carried out to determine where statistical significances existed. Unless 
otherwise mentioned, a level of significance of 5% was used. If the assumption of 
multivariate normality was violated, corrections were made and interpretations given 
based on these corrected results. 
 
Given that two observers were used to make measurements, it was necessary to calculate 
some form of inter-rater reliability, measuring the degree of concordance amongst raters. 
The statistic chosen for this task is the intra class correlation coefficient (ICC). Given that 
there are consistent measures for both observers and that consideration is made of the 
raters used as a population of raters, a two-way mixed ICC in SPSS Statistics computer 
program was used, where the rater effects are considered to be fixed. As such, it was 
assumed in subsequent modelling that there was an effect for the rater (observer) as well 
as for the random effects of age and sex. 
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CHAPTER FOUR 
 
 
RESULTS 
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4.1 Results for Instantaneous Centres of Rotation (ICRs). 
 
Because bone sizes vary in the same subject and from subject to subject, and one cannot 
be sure that all radiographers used the same film focus distance when exposing the 
radiographs (this may amplify or reduce the image size), first reported are the results for 
the mean values and standard deviations for each of the X axis ICR and Y axis ICR values, 
for each gender and age cohort, then the data for bone size, then correction factors 
allowing a more standardized perception of bone size. Individual non-standardized ICR 
results are tabulated in Appendix A in Tables 45 to 44. Individual standardized ICR results 
are tabulated in Appendix B in tables 51 to 56. 
 
Summary statistics for each cervical spine motion segment by age group and sex are 
given in Tables 3 to 8 below. 
 
 
Table 3. Values of the co-ordinates of ICRs of the typical cervical motion segments in normal 
females aged between 30 and 39 years of age, in millimetres, by each observer, and both.  
 
Segment Obs 1 Obs 2 Both 
X 
coordinate 
mean SD mean SD mean SD 
C2-3 4.13 2.53 5.08 2.28 4.59 2.44 
C3-4 4.39 2.15 4.54 1.60 4.46 1.88 
C4-5 5.36 2.26 5.57 2.35 5.46 2.29 
C5-6 6.60 1.94 6.27 1.76 6.43 1.84 
C6-7 7.57 2.21 8.19 2.25 7.88 2.23 
Y 
coordinate 
      
C2-3 2.87 4.34 3.29 3.69 3.09 3.98 
C3-4 5.43 3.76 5.07 3.45 5.25 3.58 
C4-5 6.11 3.75 6.36 3.77 6.23 3.73 
C5-6 8.36 3.11 8.73 3.19 8.55 3.13 
C6-7 13.00 2.00 11.86 3.10 12.15 2.60 
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Table 4. Values of the co-ordinates of ICRs of the typical cervical motion segments in normal males 
aged between 30 and 39 years of age, in millimetres, by each observer, and both. (* Too few data to 
calculate individually for each observer). 
 
 
Segment Obs 1 Obs 2 Both 
X 
coordinate 
mean SD mean SD mean SD 
C2-3 * * * * 5.43 2.01 
C3-4 6.09 2.11 5.62 1.69 5.86 1.91 
C4-5 5.48 1.36 5.75 1.71 5.61 2.29 
C5-6 7.00 2.13 7.21 1.62 7.11 1.87 
C6-7 * * * * 7.58 2.34 
Y 
coordinate 
      
C2-3 * * * * 4.14 4.15 
C3-4 7.41 3.28 7.00 4.90 7.21 4.10 
C4-5 8.43 3.28 9.30 2.85 8.80 3.08 
C5-6 10.16 4.36 10.11 3.68 10.13 3.98 
C6-7 * * * * 14.25 3.64 
 
 
 
 
 
Table 5. Values of the co-ordinates of ICRs of the typical cervical motion segments in normal 
females aged between 40 and 49 years of age, in millimetres, by each observer and both. 
 
 
Segment Obs 1 Obs 2 Both 
X 
coordinate 
mean SD mean SD mean SD 
C2-3 4.36 2.49 4.79 1.57 4.58 2.07 
C3-4 4.70 2.04 4.86 1.75 4.78 1.89 
C4-5 5.21 1.53 4.95 1.45 5.07 1.49 
C5-6 6.56 1.89 6.45 1.27 6.50 1.61 
C6-7 7.91 2.91 6.90 2.10 7.43 2.57 
Y 
coordinate 
      
C2-3 5.55 3.99 6.71 2.78 6.13 3.45 
C3-4 5.43 2.89 6.32 2.47 5.88 2.71 
C4-5 6.78 2.49 7.05 2.42 6.92 2.44 
C5-6 7.79 2.91 8.75 2.66 8.26 2.81 
C6-7 11.65 4.78 12.00 2.63 11.82 3.87 
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Table 6. Values of the co-ordinates of ICRs of the typical cervical motion segments in normal males 
aged between 40 and 49 years of age, in millimetres, by each observer and both. 
 
 
Segment Obs 1 Obs 2 Both 
X 
coordinate 
mean SD mean SD mean SD 
C2-3 4.20 3.49 3.78 3.34 4.04 3.40 
C3-4 5.03 2.87 5.10 3.33 5.06 3.06 
C4-5 5.67 1.69 5.74 2.92 5.70 1.97 
C5-6 6.49 1.95 6.42 1.91 6.46 1.92 
C6-7 7.81 1.86 8.18 2.04 7.98 1.92 
Y 
coordinate 
      
C2-3 4.52 4.89 4.28 4.52 4.42 4.69 
C3-4 8.31 3.30 6.55 3.75 7.53 3.59 
C4-5 8.00 3.49 7.83 3.33 7.92 3.39 
C5-6 9.34 4.49 10.52 3.26 9.85 4.03 
C6-7 13.85 3.96 13.59 2.74 13.73 3.42 
 
 
 
 
 
 
Table 7. Values of the co-ordinates of ICRs of the typical cervical motion segments in normal 
females aged between 50 and 59 years of age, in millimetres, by each observer and both. 
 
Segment Obs 1 Obs 2 Both 
X 
coordinate 
mean SD mean SD mean SD 
C2-3 3.93 2.84 5.07 1.60 4.52 2.34 
C3-4 5.26 2.46 5.35 1.62 5.31 2.07 
C4-5 5.30 1.40 5.50 1.43 5.40 1.41 
C5-6 6.00 2.12 5.59 1.48 5.79 1.82 
C6-7 6.94 2.16 6.18 1.42 6.57 1.85 
Y 
coordinate 
      
C2-3 3.89 3.81 5.10 3.14 4.52 3.50 
C3-4 6.11 3.06 5.76 2.23 5.93 2.73 
C4-5 6.40 2.84 6.78 1.73 6.59 2.35 
C5-6 8.55 2.35 7.85 2.80 8.20 2.58 
C6-7 13.78 2.96 9.41 3.20 11.66 3.76 
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Table 8. Values of the co-ordinates of ICRs of the typical cervical motion segments in normal males 
aged between 50 and 59 years of age, in millimetres, by each observer and both. 
 
 
Segment Obs 1 Obs 2 Both 
X 
coordinate 
mean SD mean SD mean SD 
C2-3 * * 6.11 3.39 6.52 3.57 
C3-4 5.96 2.63 6.42 1.93 6.19 2.29 
C4-5 6.96 2.03 6.30 1.92 6.63 1.98 
C5-6 7.04 1.99 7.05 1.79 7.05 1.88 
C6-7 * * * * 9.37 2.56 
Y 
coordinate 
      
C2-3 * * 7.67 3.38 8.18 4.42 
C3-4 7.08 4.16 7.04 2.39 7.06 3.35 
C4-5 7.74 2.64 7.74 2.25 7.74 2.43 
C5-6 9.26 3.82 8.05 2.14 8.70 3.17 
C6-7 * * * * 12.58 4.71 
* Too few data for statistical analysis. 
 
 
4.2 Results for correction factors for differences in bone image sizes. 
 
The numbers separated by a slash represent the number of subjects’ ICRs 
measured by each of the two observers. 
 
 
Table 9. Mean values, standard deviations and ranges of widths and heights of vertebral bodies as 
outlined by their corticomedullary margin, in females aged 30-39 years, measured directly from 
radiographic tracings, in millimetres. Values for N are quoted for Observer One and Observer Two. 
   X 
Width 
(mm) 
  Y 
Height 
(mm) 
 
Vertebra N Mean SD Range Mean SD Range 
C3 22/22 15.50 1.58 13-19 11.30 1.36 8-13 
C4 56/56 15.30 2.05 12-19 10.91 1.42 7-13 
C5 56/56 15.07 2.16 11-19 10.68 1.47 7-13 
C6 51/51 15.76 2.19 12-20 10.82 1.18 8-13 
C7 34/34 16.09 2.81 13-19 12.26 1.36 9-14 
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Table 10. Mean values, standard deviations and ranges of widths and heights of vertebral bodies as 
outlined by their corticomedullary margin, in males aged 30-39 years, measured directly from 
radiographic tracings, in millimetres. Values for N are quoted for Observer One and Observer Two. 
   X 
Width 
(mm) 
  Y 
Height 
(mm) 
 
Vertebra N Mean SD Range Mean SD Range 
C3 19/19 17.05 1.27 15-20 13.16 1.38 11-15 
C4 42/42 16.55 1.29 14-19 12.26 1.71 8-15 
C5 40/40 16.28 1.24 14-19 12.00 1.74 8-15 
C6 37/37 17.32 1.31 15-20 12.19 1.66 9-15 
C7 24/24 18.17 1.13 16-20 13.71 1.90 10-17 
 
 
 
 
Table 11. Mean values, standard deviations and ranges of widths and heights of vertebral bodies as 
outlined by their corticomedullary margin, in females aged 40-49 years, measured directly from 
radiographic tracings, in millimetres. Values for N are quoted for Observer One and Observer Two. 
   X 
Width 
(mm) 
  Y 
Height 
(mm) 
 
Vertebra N Mean SD Range Mean SD Range 
C3 66/66 15.47 1.39 13-19 11.36 1.73 9-17 
C4 74/74 15.16 1.52 11-19 10.92 1.45 8-16 
C5 72/72 15.07 1.60 11-20 10.65 1.83 7-14 
C6 65/65 15.69 1.76 11-20 10.92 1.36 8-15 
C7 44/44 16.45 1.99 13-23 12.18 1.42 9-16 
 
 
 
 
Table 12. Mean values, standard deviations and ranges of widths and heights of vertebral bodies as 
outlined by their corticomedullary margin, in males aged 40-49 years, measured directly from 
radiographic tracings, in millimetres. Values for N are quoted for Observer One and Observer Two. 
   X 
Width 
(mm) 
  Y 
Height 
(mm) 
 
Vertebra N Mean SD Range Mean SD Range 
C3 31/31 16.97 1.74 14-19 13.19 1.04 11-14 
C4 58/58 16.90 1.64 14-19 12.12 1.51 9-14 
C5 65/65 16.80 1.45 14-19 12.26 1.57 9-15 
C6 58/58 17.50 1.54 15-20 12.29 1.71 8-16 
C7 39/39 18.56 1.41 16-22 13.62 1.39 11-17 
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Table 13. Mean values, standard deviations and ranges of widths and heights of vertebral bodies as 
outlined by their corticomedullary margin, in females aged 50-59 years, measured directly from 
radiographic tracings, in millimetres. Values for N are quoted for Observer One and Observer Two. 
   X 
Width 
(mm) 
  Y 
Height 
(mm) 
 
Vertebra N Mean SD Range Mean SD Range 
C3 54/54 14.26 1.54 11-18 10.76 1.27 8-14 
C4 74/73 13.90 1.61 10-18 10.6 1.18 8-14 
C5 80/80 13.53 1.41 11-18 10.34 1.16 8-13 
C6 65/65 14.20 1.58 12-20 10.20 1.25 8-13 
C7 35/35 14.63 1.65 11-17 11.69 1.23 9-14 
 
 
 
 
 
 
 
Table 14. Mean values, standard deviations and ranges of widths and heights of vertebral bodies as 
outlined by their corticomedullary margin, in males aged 50-59 years, measured directly from 
radiographic tracings, in millimetres. Values for N are quoted for Observer One and Observer Two. 
   X 
Width 
(mm) 
  Y 
Height 
(mm) 
 
Vertebra N Mean SD Range Mean SD Range 
C3 20/20 18.15 2.08 15-21 13.15 1.60 9-16 
C4 48/48 17.38 2.09 14-23 11.54 1.69 8-15 
C5 54/54 17.13 1.84 14-19 11.56 1.61 8-14 
C6 42/42 18.07 1.97 15-22 11.83 1.29 9-14 
C7 17/17 18.23 1.44 16-21 13.18 2.30 9-17 
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The ICCs for each motion segment are given in Table 15 below. 
 
Table 15. Intra-class correlation coefficients (ICCs) for each joint for measurements of X axis, Y axis, 
and rotations (* significant at 5% level; ** significant at 1% level). 
 
Joint Measurement ICC 
C2-3 X axis 0.295 
Y axis 0.620** 
Rotation angle 0.755** 
C3-4 X axis 0.610** 
Y axis 0.544** 
Rotation angle 0.801** 
C4-5 X axis 0.546** 
Y axis 0.628** 
Rotation angle 0.832** 
C5-6 X axis 0.428** 
Y axis 0.697** 
Rotation angle 0.807** 
C6-7 X axis 0.286 
Y axis 0.389* 
Rotation angle 0.831** 
 
 
Whilst many of the ICCs calculated in Table 15 are significant at the 1% level of 
significance, some caution is needed for values less than 0.6. Cicchetti and Sparrow216 
report a rule of thumb that any ICC less than 0.4 is poor and conclusions should be 
interpreted with much caution. Further, an ICC between 0.4 and 0.59 is considered to be 
fair and also carefully considered in the context of the analysis being carried out. 
 
4.4 Coefficients of variation 
 
Next calculated were coefficients of variation for the data. The Coefficient of Variation is 
contrived as a ratio (having no units) in which the standard deviation is divided by the 
mean. The smaller the coefficient of variation, the less variation there is when comparing 
one ratio with another from the same dataset. It permits an appreciation of the relationship 
between the spread of observer differences and the mean of the sample from which the 
data are drawn. See Tables 16 to 21 below: 
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Table 16. Coefficients of variation (CV) of raw and standardized values of the co-ordinates of ICRs of 
the typical cervical motion segments in normal females aged between 30 and 39 years of age. Raw 
data is in millimetres. Standardized data has no units. 
 
 
 
   Raw data              Standardized data 
Segment Mean SD CV Mean SD CV 
X coordinate       
C2-3 4.59 2.44 0.53 0.30 0.14 0.47 
C3-4 4.46 1.88 0.42 0.29 0.11 0.38 
C4-5 5.46 2.29 0.42 0.36 0.13 0.36 
C5-6 6.43 1.84 0.29 0.41 0.10 0.24 
C6-7 7.88 2.23 0.28 0.49 0.13 0.27 
Y coordinate       
C2-3 3.09 3.98 1.30 0.35 0.20 0.57 
C3-4 5.25 3.58 0.68 0.51 0.27 0.53 
C4-5 6.23 3.73 0.60 0.63 0.30 0.48 
C5-6 8.55 3.13 0.37 0.81 0.31 0.38 
C6-7 12.15 2.60 0.21 0.99 0.21 0.21 
 
 
 
 
 
Table 17. Coefficients of variation (CV) of raw and standardized values of the co-ordinates of ICRs of 
the typical cervical motion segments in normal males aged between 30 and 39 years of age. Raw 
data is in millimetres. Standardized data has no units. 
 
 
 
  Raw data           Standardized data 
Segment Mean SD CV Mean SD CV 
X coordinate       
C2-3 5.43 2.01 0.37 0.30 0.14 0.47 
C3-4 5.86 1.91 0.33 0.29 0.11 0.38 
C4-5 5.61 2.29 0.41 0.36 0.13 0.36 
C5-6 7.11 1.87 0.26 0.41 0.10 0.24 
C6-7 7.58 2.34 0.31 0.49 0.13 0.27 
Y coordinate       
C2-3 4.14 4.15 1.00 0.35 0.20 0.57 
C3-4 7.21 4.10 0.57 0.51 0.27 0.53 
C4-5 8.80 3.08 0.35 0.63 0.30 0.48 
C5-6 10.13 3.98 0.39 0.81 0.31 0.38 
C6-7 14.25 3.64 0.26 0.99 0.21 0.21 
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Table 18. Coefficients of variation (CV) of raw and standardized values of the co-ordinates of ICRs of 
the typical cervical motion segments in normal females aged between 40 and 49 years of age. Raw 
data is in millimetres. Standardized data has no units. 
 
 
 
 
 
Table 19. Coefficients of variation (CV) of raw and standardized values of the co-ordinates of ICRs of 
the typical cervical motion segments in normal males aged between 40 and 49 years of age. Raw 
data is in millimetres. Standardized data has no units. 
 
 
  Raw data             Standardized data 
Segment Mean SD CV Mean SD CV 
X coordinate       
C2-3 4.04 3.40 0.84 0.26 0.16 0.62 
C3-4 5.06 3.06 0.60 0.33 0.12 0.36 
C4-5 5.70 1.97 0.35 0.34 0.12 0.35 
C5-6 6.46 1.92 0.28 0.37 0.10 0.27 
C6-7 7.98 1.92 0.24 0.43 0.12 0.28 
Y coordinate       
C2-3 4.42 4.69 1.06 0.40 0.25 0.63 
C3-4 7.53 3.59 0.48 0.64 0.28 0.44 
C4-5 7.92 3.39 0.43 0.65 0.26 0.40 
C5-6 9.85 4.03 0.41 0.86 0.27 0.31 
C6-7 13.73 3.42 0.25 1.00 0.17 0.17 
 
 
 
 
 
 
 
 
 
 
 
   Raw data             Standardized data 
Segment Mean SD CV Mean SD CV 
X coordinate       
C2-3 4.58 2.07 0.45 0.31 0.12 0.39 
C3-4 4.78 1.89 0.40 0.33 0.16 0.48 
C4-5 5.07 1.49 0.29 0.34 0.09 0.26 
C5-6 6.50 1.61 0.25 0.42 0.10 0.24 
C6-7 7.43 2.57 0.35 0.45 0.14 0.31 
Y coordinate       
C2-3 6.18 3.45 0.56 0.56 0.29 0.52 
C3-4 5.88 2.71 0.46 0.55 0.26 0.47 
C4-5 6.92 2.44 0.35 0.66 0.24 0.36 
C5-6 8.26 2.81 0.34 0.79 0.23 0.29 
C6-7 11.82 3.87 0.33 1.00 0.25 0.25 
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Table 20. Coefficients of variation (CV) of raw and standardized values of the co-ordinates of ICRs of 
the typical cervical motion segments in normal females aged between 50 and 59 years of age. Raw 
data is in millimetres. Standardized data has no units. 
 
 
 
 
 
 
 
Table 21. Coefficients of variation (CV) of raw and standardized values of the co-ordinates of ICRs of 
the typical cervical motion segments in normal males aged between 50 and 59 years of age. Raw 
data is in millimetres. Standardized data has no units. 
 
   Raw data             Standardized data 
Segment Mean SD CV Mean SD CV 
X coordinate       
C2-3 6.52 3.57 0.55 0.35 0.21 0.60 
C3-4 6.19 2.29 0.37 0.35 0.12 0.34 
C4-5 6.63 1.98 0.30 0.39 0.11 0.28 
C5-6 7.05 1.88 0.27 0.39 0.09 0.23 
C6-7 9.37 2.56 0.27 0.57 0.28 0.49 
Y coordinate       
C2-3 8.18 4.42 0.54 0.58 0.34 0.59 
C3-4 7.06 3.35 0.47 0.64 0.21 0.33 
C4-5 7.74 2.43 0.31 0.68 0.21 0.31 
C5-6 8.70 3.17 0.36 0.74 0.26 0.35 
C6-7 12.58 4.71 0.37 0.97 0.32 0.33 
 
 
 
 
4.5 Inter-observer variations. 
 
Next were calculated the variations of observations of ICRs from one observer to another 
and intra-observer variations for each observer measuring a set of twenty radiograph pairs 
on one occasion and then on another. Data are as follows: summing the measurements 
  Raw data             Standardized data 
Segment Mean SD CV Mean SD CV 
X coordinate       
C2-3 4.52 2.34 0.52 0.34 0.12 0.35 
C3-4 5.31 2.07 0.39 0.39 0.14 0.36 
C4-5 5.40 1.41 0.26 0.40 0.10 0.25 
C5-6 5.79 1.82 0.31 0.42 0.14 0.33 
C6-7 6.57 1.85 0.28 0.45 0.11 0.24 
Y coordinate       
C2-3 4.52 3.50 0.77 0.47 0.25 0.53 
C3-4 5.93 2.73 0.46 0.57 0.27 0.47 
C4-5 6.59 2.35 0.36 0.64 0.23 0.36 
C5-6 8.20 2.58 0.31 0.79 0.24 0.30 
C6-7 11.66 3.76 0.32 0.99 0.27 0.27 
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made by both observers and dividing by the number of observations calculates the mean 
amplitude of motion for each motion segment. Then means and standard deviations are 
calculated for inter-observer and intra-observer differences in measurements for each 
segment. 
 
For a given segment, the mean inter-observer difference (IOD) is calculated where X1.1, 
X1.2, X2.1 and X2.2 are the first and second measurements of the first and second 
observers, and n is the total number of observations, using the following formula: 
Mean IOD = {S (X1.1-X2.1) + S (X1.1-X2.2) + S (X1.2-X2.1) + S (X1.2-X2.2) } x 1/n  
 
The process is repeated for all levels and standard deviations are calculated at the same 
time. The whole process is repeated for both observers to secure values for intra-
observer differences. 
 
Next were calculated the means and standard deviations of inter-observer differences for 
each joint level for the two observers. I found that there was variation in observations of 
ICRs between Observer One and Observer Two. See Table 22, next: 
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Table 22. Instantaneous centres of rotation differences, both X and Y coordinates, for two observers 
measuring 20 radiographs twice at C2/3, C3/4, C4/5, C5/6 and C6/7, in millimetres. Some levels 
were not visualized or measurable. N is number of observations, SD is standard deviation. 
 
 C2/3 C3/4 C4/5 C5/6 C6/7 
Obs 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 1 1 2 2 
Axis X Y X Y X Y X Y X Y X Y X Y X Y X Y X Y 
 -2 1 0 1 0 -2 0 0 -3 -1 0 1 -1 0 -1 1 2 1 0 1 
 -3 0 1 4 2 0 0 1 1 0 0 -1 0 -1 0 0 0 -1 2 -2 
 -4 2 2 -1 3 0 0 0 0 -5 2 -1 -1 0 -3 -3 -9 0 -6 1 
 2 -3 2 4 1 3 0 0 -1 -2 0 -4 4 -1 2 3 0 2 0 -2 
 1 -4   -1 -6 1 0 1 -2 3 -5 -2 -1 0 0 3 1 0 -1 
 0 0 1 1 2 -4 -1 -1 -1 -2 1 9 -1 1 0 0 -3 0 0 0 
 0 8 0 -1 1 -5 0 0 0 2 -1 4 0 1 -1 0 -2 -4 0 1 
 2 -8 0 -1 -1 -2 -1 -1 2 1 -1 1 3 2 0 -1 4 3 0 1 
 1 -4 0 -1 -1 0 0 0 -1 0 -1 -3 0 -2 0 2 -1 -4 0 -2 
 -2 -2 2 6 1 0 0 0 -2 -2 -2 -3 1 -1 0 1 3 2 0 0 
 3 -5 -2 0 -2 7 -1 -1 -1 2 0 1 -2 0 0 -1 0 5 -1 1 
 4 8 -2 -6 2 -4 1 1 0 2 0 -2 1 1 0 0     
       -3 -9 0 -3 0 -1 -2 2 0 0 -1 4   
     3 8 -1 0   1 0    6     
 0 -6 9 16 0 0 3 6 1 2 -8 0         
 -3 -3 1 -1 -1 7 -1 -1 4 1 -1 -1 -2 -2 0 0 0 2 -1 1 
         -1 1 0 -1 0 0 0 1   0 1 
             1 1 -3 4 0 0 -5 -3 
    -6 -2 5 2 2   3 10   -1 -1     
 0 7  -1 -1 11 -1  0 2 -1 -10 -1 -1   1 -4 7 3 
N 15 15 13 15 17 17 18 17 17 17 19 19 17 17 17 18 15 15 15 15 
Mean -0.07 -0.60 1.08 0.93 0.35 1.05 -0.11 -0.18 -0.06 -0.23 -0.26 -0.32 -0.19 0.29 -0.42 0.67 -0.20 0.47 -0.27 0.00 
SD 2.34 5.04 2.72 5.28 1.66 4.99 1.32 2.81 1.60 2.14 2.31 4.51 1.73 1.72 1.18 2.06 3.10 2.80 2.87 1.65 
 
 
 
Table 23. Summary of the differences measurement for Observers One and Two on each measuring 
occasion, with means and standard deviations for the differences, in millimetres. 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.6 MANOVA Results. 
 
Table 24 shows the results of the two-way MANOVA for Joint C2-3 for the X and Y 
coordinates and the rotation variable.  For each model fitted, there was no significant 
interaction effect between age and gender.  After removing the interaction effect and 
examining the main effects of gender and age, for the X and Y measurements, there is no 
difference between genders but for the Y coordinate, there is a difference between age 
X VALUES C2-3 C3-4 C4-5 C5-6 C6-7 
N 28 35 36 34 30 
Mean 0.46 0.11 -0.17 -0.26 -0.23 
St Dev 2.55 1.49 1.98 1.46 2.93 
Y VALUES      
N 30 34 36 35 30 
Mean 0.17 0.35 -0.28 0.31 0.23 
St Dev 5.13 4.13 3.54 1.73 2.27 
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groups.  After performing post-hoc multiple comparisons, there is a statistical difference 
between the 30 – 39 age group and the 40 – 49 age group (average difference of -0.1443; 
p-value = 0.011) and a statistical difference between the 30 – 39 age group and the 50 – 
59 age group (average difference of -0.1103; p-value = 0.071, which is significant at the 
10% level).   
 
For the rotation variable, after removing the interaction effect and examining the main 
effects alone, we see a statistical difference between age groups and between genders 
(females greater than males).  After performing post-hoc multiple comparisons, there is a 
statistical difference between the 30 – 39 age group and the 50 – 59 age group (average 
difference of 1.383; p-value = 0.007) and a statistical difference between the 40 – 49 age 
group and the 50 – 59 age group (average difference of 1.618; p-value = 0.00).  
 
 
Table 24. MANOVA results for Joint C2-3: 
 
Joint C2-3 – X axis 
(ICC = 0.295) 
Effect p-value 
 Age 0.225* 
 Gender 0.654* 
 Interaction 0.284 
   
Joint C2-3 – Y axis 
(ICC = 0.620) 
 
Effect p-value 
 Age 0.036* 
 Gender 0.503* 
 Interaction 0.127 
   
Joint C2-3 – Angle 
(ICC = 0.755) 
 
Effect p-value 
 Age 0.001* 
 Gender 0.002* 
 Interaction 0.125 
* denotes a two-way main effects model only was fitted to get these p-values 
 
 
 
Table 25 shows the results of the two-way MANOVA for Joint C2-3 for the X and Y 
coordinates and the rotation variable.  For each model fitted, there was no significant 
interaction effect between age and gender.  After removing the interaction effect and 
examining the main effects of gender and age for the X measurements, there is no 
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difference between genders but there is a statistical difference between age groups.  After 
performing post-hoc multiple comparisons, there is a statistical difference between the 40 
– 49 age group and the 50 – 59 age group (average difference of -0.0502; p-value = 
0.006) and a statistical difference between the 30 – 39 age group and the 50 – 59 age 
group (average difference of -0.0509; p-value = 0.005).   
 
However, for the Y coordinate, there is no statistical difference between age groups yet 
there is a statistical difference between genders (males greater than females on average).  
 
For the rotation variable, after removing the interaction effect and examining the main 
effects alone, we see no statistical difference between genders but a statistical difference 
between age groups.  After performing post-hoc multiple comparisons, there is a statistical 
difference between the 30 – 39 age group and the 50 – 59 age group (average difference 
of 1.594; p-value = 0.003) and a statistical difference between the 40 – 49 age group and 
the 50 – 59 age group (average difference of 1.552; p-value = 0.002).   
 
 
Table 25. MANOVA results for Joint C3-4. 
 
Joint C3-4 – X axis 
(ICC = 0.610) 
Effect p-value 
 Age 0.006* 
 Gender 0.719* 
 Interaction 0.117 
   
Joint C3-4 – Y axis   
(ICC = 0.544) 
Effect p-value 
 Age 0.546* 
 Gender 0.005* 
 Interaction 0.934 
   
Joint C3-4 – Angle 
(ICC = 0.801) 
 
Effect p-value 
 Age 0.001* 
 Gender 0.002* 
 Interaction 0.687 
* denotes a two-way main effects model only was fitted to get these p-values 
 
 
Table 26 shows the results of the two-way MANOVA for Joint C4-5 for the X and Y 
coordinates and the rotation variable.  For each model fitted, there was no significant 
 88 
 
interaction effect between age and gender.  After removing the interaction effect and 
examining the main effects of gender and age for the X measurements, there is no 
difference between genders but there is a statistical difference between age groups.  After 
performing post-hoc multiple comparisons, there is a statistical difference between the 40 
– 49 age group and the 50 – 59 age group (average difference of -0.557; p-value = 0.00) 
and a statistical difference between the 30 – 39 age group and the 50 – 59 age group 
(average difference of -0.0434; p-value = 0.009).  However, for the Y coordinate, there is 
no statistical difference between age groups nor between genders.  
 
For the rotation variable, after removing the interaction effect and examining the main 
effects alone, we see a statistical difference between genders (females greater than 
males) as well as a statistical difference between age groups.  After performing post-hoc 
multiple comparisons, there is a statistical difference between the 30 – 39 age group and 
the 50 – 59 age group (average difference of 1.906; p-value = 0.004) and a statistical 
difference between the 40 – 49 age group and the 50 – 59 age group (average difference 
of 1.811; p-value = 0.003).   
 
Table 26. MANOVA results for Joint C4-5: 
 
Joint C4-5 – X axis 
(ICC = 0.546) 
Effect p-value 
 Age 0.001* 
 Gender 0.594* 
 Interaction 0.700 
   
Joint C4-5 – Y axis 
(ICC = 0.628) 
 
Effect p-value 
 Age 0.772* 
 Gender 0.127* 
 Interaction 0.334 
   
Joint C4-5 – Angle 
(ICC = 0.832) 
 
Effect p-value 
 Age 0.002* 
 Gender 0.000* 
 Interaction 0.543 
* denotes a two-way main effects model only was fitted to get these p-values 
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Table 27 shows the results of the two-way MANOVA for Joint C5-6 for the X and Y 
coordinates and the rotation variable.  For each model fitted, there was no significant 
interaction effect between age and gender.  After removing the interaction effect and 
examining the main effects of gender and age for the X measurements, there is a 
statistical difference between genders (females greater than males) but there is no 
statistical difference between age groups. However, for the Y coordinate, there is no 
statistical difference between age groups nor between genders.  
 
For the rotation variable, after removing the interaction effect and examining the main 
effects alone, we see no statistical difference between genders yet a statistical difference 
between age groups.  After performing post-hoc multiple comparisons, there is a statistical 
difference between the 30 – 39 age group and the 50 – 59 age group (average difference 
of 3.192; p-value = 0.000) and a statistical difference between the 40 – 49 age group and 
the 50 – 59 age group (average difference of 2.156; p-value = 0.001).   
 
 
Table 27. MANOVA results for Joint C5-6: 
 
Joint C5-6 – X axis 
(ICC = 0.428) 
Effect p-value 
 Age 0.786* 
 Gender 0.032* 
 Interaction 0.786 
   
Joint C5-6 – Y axis 
(ICC = 0.697) 
 
Effect p-value 
 Age 0.453* 
 Gender 0.577* 
 Interaction 0.630 
   
Joint C5-6 – Angle 
(ICC = 0.807) 
 
Effect p-value 
 Age 0.000* 
 Gender 0.487* 
 Interaction 0.465 
* denotes a two-way main effects model only was fitted to get these p-values 
 
 
Table 28 shows the results of the two-way MANOVA for Joint C6-7 for the X and Y 
coordinates and the rotation variable.  For each model fitted, there was no significant 
interaction effect between age and gender.  After removing the interaction effect and 
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examining the main effects of gender and age for the X measurements, there is a 
statistical difference between genders (females greater than males, although the p-value is 
0.055 which is significant at the 10% level) but there is no statistical difference between 
age groups. However, for the Y coordinate, there is no statistical difference between age 
groups nor between genders.  
 
For the rotation variable, after removing the interaction effect and examining the main 
effects alone, we see no statistical difference between genders yet a statistical difference 
between age groups.  After performing post-hoc multiple comparisons, there is a statistical 
difference between the 30 – 39 age group and the 50 – 59 age group (average difference 
of 2.713; p-value = 0.006) and a statistical difference between the 40 – 49 age group and 
the 50 – 59 age group (average difference of 3.571; p-value = 0.000).   
 
 
Table 28. MANOVA results for Joint C6-7 
 
Joint C6-7 – X axis 
(ICC = 0.286) 
Effect p-value 
 Age 0.669* 
 Gender 0.055* 
 Interaction 0.296 
   
Joint C6-7 – Y axis 
(ICC = 0.389) 
 
Effect p-value 
 Age 0.377* 
 Gender 0.672* 
 Interaction 0.429 
   
Joint C6-7 – Angle 
(ICC = 0.831) 
 
Effect p-value 
 Age 0.001* 
 Gender 0.368* 
 Interaction 0.327 
* denotes a two-way main effects model only was fitted to get these p-values 
 
 
 
 
4.7 Clinical Significance Values are defined for these purposes as being two standard 
deviations above and below the mean of observations. The Clinical Significance Values for 
Standardized ICRs without inter-observer values are as follows: 
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These are calculated as two standard deviations above and below the mean for upper and 
lower clinical significance values, respectively in Tables 29 to 34 below. 
 
 
 
 
 
 
Table 29. Clinical Significance Values for standardized values of the co-ordinates of ICRs of the 
typical cervical motion segments in normal females aged between 30 and 39 years of age in 
standardized millimetric units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 30. Clinical Significance Values for standardized values of the co-ordinates of ICRs of the 
typical cervical motion segments in normal males aged between 30 and 39 years of age in 
standardized millimetric units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Segment Upper CSV Lower CSV 
X 
coordinate 
  
C2-3 0.58 0.02 
C3-4 0.51 0.07 
C4-5 0.62 0.10 
C5-6 0.61 0.21 
C6-7 0.75 0.23 
Y 
coordinate 
  
C2-3 0.75 -0.05 
C3-4 1.05 -0.03 
C4-5 1.23 0.03 
C5-6 1.43 0.19 
C6-7 1.41 0.57 
Segment Upper CSV Lower CSV 
X 
coordinate 
  
C2-3 0.54 0.10 
C3-4 0.55 0.15 
C4-5 0.52 0.16 
C5-6 0.60 0.20 
C6-7 0.65 0.17 
Y 
coordinate 
  
C2-3 0.79 0.03 
C3-4 1.27 -0.05 
C4-5 1.25 0.25 
C5-6 1.45 0.21 
C6-7 1.48 0.60 
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Table 31. Clinical Significance Values for standardized values of the co-ordinates of ICRs of the 
typical cervical motion segments in normal females aged between 40 and 49 years of age. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 32. Clinical Significance Values for standardized values of the co-ordinates of ICRs of the 
typical cervical motion segments in normal males aged between 40 and 49 years of age in 
standardized millimetric units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Segment Upper CSV Lower CSV 
X 
coordinate 
  
C2-3 0.55 0.07 
C3-4 0.65 0.01 
C4-5 0.52 0.16 
C5-6 0.62 0.22 
C6-7 0.73 0.17 
Y 
coordinate 
  
C2-3 1.14 -0.02 
C3-4 1.07 -0.03 
C4-5 1.14 0.18 
C5-6 1.25 0.33 
C6-7 1.50 0.50 
Segment Upper CSV Lower CSV 
X 
coordinate 
  
C2-3 0.58 -0.06 
C3-4 0.57 0.09 
C4-5 0.58 0.10 
C5-6 0.57 0.17 
C6-7 0.67 0.19 
Y 
coordinate 
  
C2-3 0.90 -0.10 
C3-4 1.20 0.08 
C4-5 1.17 0.13 
C5-6 1.40 0.32 
C6-7 1.34 0.66 
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Table 33. Clinical Significance Values for standardized values of the co-ordinates of ICRs of the 
typical cervical motion segments in normal females aged between 50 and 59 years of age in 
standardized millimetric units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 34. Clinical Significance Values for standardized values of the co-ordinates of ICRs of the 
typical cervical motion segments in normal males aged between 50 and 59 years of age in 
standardized millimetric units. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Clinical significance values for Instantaneous Centres of Rotation allowing two standard 
deviations of observed variation, which is taken to be biological variability which includes 
two standard deviations of observer variability, both above and below the mean, for X and 
Y coordinates in females. See Tables 35 and 36 below. 
 
Segment Upper CSV Lower CSV 
X 
coordinate 
  
C2-3 0.58 0.10 
C3-4 0.67 0.11 
C4-5 0.60 0.20 
C5-6 0.70 0.14 
C6-7 0.67 0.23 
Y 
coordinate 
  
C2-3 0.97 -0.03 
C3-4 1.11 0.03 
C4-5 1.10 0.18 
C5-6 1.27 0.31 
C6-7 1.53 0.45 
Segment Upper CSV Lower CSV 
X 
coordinate 
  
C2-3 0.77 -0.07 
C3-4 0.59 0.11 
C4-5 0.61 0.17 
C5-6 0.57 0.21 
C6-7 1.13 0.01 
Y 
coordinate 
  
C2-3 1.26 -0.10 
C3-4 1.06 0.22 
C4-5 1.10 0.26 
C5-6 1.26 0.22 
C6-7 1.61 0.33 
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Table 35. Clinical significance values for instantaneous centres of rotation for intersegmental motion 
in the neck from C2/3 to C6/7 in females, in standardized millimetric units, except for CSVs which 
have no units. 
 
 
Level C2-3 C3-4 C4-5 C5-6 C6-7 
30s X Y X Y X Y X Y X Y 
Mean 0.30 0.35 0.29 0.51 0.36 0.63 0.41 0.81 0.49 0.99 
SD 0.14 0.20 0.11 0.27 0.13 0.30 0.10 0.31 0.13 0.21 
CSV upper 0.58 0.75 0.51 1.05 0.62 1.23 0.61 1.43 0.75 1.41 
CSV lower 0.02 -0.05 0.07 -0.03 0.10 0.03 0.21 0.20 0.13 0.57 
40s           
Mean 0.31 0.56 0.33 0.55 0.34 0.66 0.42 0.79 0.45 1.00 
SD 0.12 0.29 0.16 0.26 0.09 0.24 0.10 0.23 0.14 0.25 
CSV upper 0.55 1.14 0.65 1.07 0.52 1.14 0.62 1.25 0.73 1.50 
CSV lower 0.07 -0.02 0.01 0.03 0.16 0.18 0.22 0.33 0.17 0.50 
50s           
Mean 0.34 0.47 0.39 0.57 0.40 0.64 0.42 0.79 0.45 0.99 
SD 0.12 0.25 0.14 0.27 0.10 0.23 0.14 0.24 0.11 0.27 
CSV upper 0.58 0.97 0.67 1.01 0.60 1.10 0.70 1.27 0.67 1.53 
CSV lower 0.10 -0.03 0.11 0.03 0.20 0.18 0.14 0.31 0.23 0.45 
 
 
 
 
 
Table 36. Clinical significance values for instantaneous centres of rotation for intersegmental motion 
in the neck from C2/3 to C6/7 in males, in standardized millimetric units, except for CSVs which have 
no units. 
 
 
 
 
Level C2-3 C3-4 C4-5 C5-6 C6-7 
30s X Y X Y X Y X Y X Y 
Mean 0.32 0.41 0.35 0.61 0.34 0.75 0.40 0.83 0.41 1.04 
SD 0.11 0.19 0.10 0.33 0.09 0.25 0.10 0.31 0.12 0.22 
CSV upper 0.54 0.79 0.55 1.27 0.52 1.25 0.60 1.45 0.65 1.48 
CSV lower 0.10 0.03 0.15 -0.05 0.16 0.25 0.20 0.21 0.17 0.60 
40s           
Mean 0.26 0.40 0.33 0.64 0.34 0.65 0.37 0.86 0.43 1.00 
SD 0.16 0.25 0.12 0.28 0.12 0.26 0.10 0.27 0.12 0.17 
CSV upper 0.58 0.90 0.57 1.20 0.58 1.17 0.57 1.40 0.67 1.34 
CSV lower -0.06 -0.10 0.09 0.08 0.10 0.13 0.17 0.32 0.19 0.66 
50s           
Mean 0.35 0.58 0.35 0.64 0.39 0.68 0.39 0.74 0.57 0.97 
SD 0.21 0.34 0.12 0.21 0.11 0.21 0.09 0.26 0.28 0.32 
CSV upper 0.77 1.26 0.59 1.08 0.61 1.10 0.57 1.26 1.13 1.61 
CSV lower -0.07 -0.10 0.11 0.20 0.17 0.26 0.21 0.22 0.01 0.33 
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Results for rotations. 
 
Rotation values are tabulated for six cohorts (ages 30-39, 40-49, 50-59 in both genders), 
and shown in tables 57 to 62 in Appendix C. See Tables 37 to 44, below. 
 
Table 37.  Summary of values by each observer for rotations in female subjects, in degrees, except 
for CSVs which have no units. 
 
Level C2-3 C2-3 C3-4 C3-4 C4-5 C4-5 C5-6 C5-6 C6-7 C6-7 
Observer 1 2 1 2 1 2 1 2 1 2 
30s           
N 26 27 28 28 28 28 25 26 15 22 
Mean 9.27 8.48 13.04 12.82 15.43 14.96 15.64 14.73 14.6 13.32 
Std Dev 2.47 2.72 2.63 4.08 4.80 4.63 4.05 5.41 4.67 6.73 
Coeff Var 0.27 0.32 0.20 0.32 0.31 0.31 0.26 0.37 0.32 0.51 
40s           
N 36 37 37 37 36 35 35 33 23 21 
Mean 10.31 9.38 13.97 12.62 16.5 15.57 15.06 13.09 13.72 13.14 
Std Dev 3.34 3.84 2.69 3.44 3.50 3.78 3.91 3.95 3.97 3.10 
Coeff Var 0.32 0.41 0.19 0.27 0.21 0.24 0.26 0.30 0.30 0.24 
50s           
N 35 37 41 41 40 40 36 36 25 23 
Mean 7.54 7.54 11.51 11.20 14.30 13.10 12.11 11.58 10.72 8.43 
Std Dev 2.69 2.77 3.46 2.86 3.70 3.51 3.61 3.95 3.52 2.41 
Coeff Var 0.36 0.37 0.30 0.26 0.26 0.27 0.30 0.34 0.33 0.29 
 
 
Table 38.  Summary of values for each observer for rotations in male subjects, in degrees, except for 
CSVs which have no units. 
 
 
Level C2-3 C2-3 C3-4 C3-4 C4-5 C4-5 C5-6 C5-6 C6-7 C6-7 
Marker 1 2 1 2 1 2 1 2 1 2 
30s           
N 20 21 22 22 23 22 21 21 10 15 
Mean 8.15 7.85 12.59 11.64 14.22 13.6 15.71 14.71 13.80 10.67 
Std Dev 2.91 3.25 3.05 3.54 3.70 4.76 4.39 3.78 5.09 3.48 
Coeff Var 0.36 0.91 0.24 0.30 0.26 0.35 0.28 0.26 0.37 0.33 
40s           
N 37 32 43 35 45 35 44 35 27 23 
Mean 8.16 7.19 12.49 11.8 14.89 12.11 13.77 12.97 14.89 13.7 
Std Dev 2.35 2.56 2.95 3.47 3.21 3.61 4.68 5.00 4.50 4.33 
Coeff Var 0.29 0.36 0.24 0.29 0.22 0.28 0.34 0.39 0.30 0.32 
50s           
N 26 27 27 27 27 27 26 24 12 10 
Mean 6.38 7.30 11.11 10.37 12.44 11.59 10.92 11.17 9.83 9.90 
Std Dev 2.19 2.83 2.78 3.15 2.83 3.28 4.05 4.17 4.43 4.48 
Coeff Var 0.34 0.39 0.25 0.30 0.23 0.28 0.37 0.37 0.45 0.45 
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Table 39.  Summary of sum of values for both observers for rotations in female subjects, in degrees, except 
for CSVs which have no units. 
 
 
Level C2-3 C3-4 C4-5 C5-6 C6-7 
30s      
N 53 56 56 51 37 
Mean 8.87 12.93 15.2 14.94 13.32 
Std Dev 2.61 3.41 4.70 4.06 4.54 
Coeff Var 0.29 0.26 0.31 0.27 0.34 
40s      
N 73 73 71 68 44 
Mean 9.84 14.96 16.04 14.1 13.18 
Std Dev 3.61 3.52 3.64 4.02 3.54 
Coeff Var 0.37 0.24 0.23 0.29 0.27 
50s      
N 72 82 80 73 48 
Mean 7.54 11.35 13.7 11.88 9.63 
Std Dev 2.72 3.16 3.63 3.75 3.22 
Coeff Var 0.36 0.28 0.26 0.32 0.33 
  
 
 
 
TABLE 40.  Summary of sum of values for both observers for rotations in male subjects, in degrees, 
except for CSVs which have no units. 
 
 
Level C2-3 C3-4 C4-5 C5-6 C6-7 
30s      
N 41 44 45 42 25 
Mean 8.05 12.11 13.91 15.21 11.92 
Std Dev 3.07 3.3 4.21 4.08 4.39 
Coeff Var 0.38 0.27 0.30 0.27 0.37 
40s      
N 69 78 80 79 50 
Mean 7.71 12.18 13.68 13.29 14.34 
Std Dev 2.48 3.19 3.64 4.93 4.42 
Coeff Var 0.32 0.26 0.27 0.37 0.31 
50s      
N 53 54 54 49 22 
Mean 6.85 10.74 12.02 10.94 9.86 
Std Dev 2.55 2.97 3.07 4.05 4.35 
Coeff Var 0.37 0.28 0.26 0.37 0.44 
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Table 41 reveals the details of observer differences for each observer on each of two 
occasions that they measured rotation angles on the radiographs.  
 
 
Table 41. Summary of means and standard deviations for rotations for all 20 subjects evaluated 
twice by each observer, in degrees. 
 
 
segment Intra observer differences in degrees 
 
Obs 1 Obs 2 combined 
 
mean sd mean sd mean sd 
C2/3 -0.53 2.17 -0.29 1.76 -0.41 1.93 
C3/4 0.65 2.47 -0.44 2.36 0.09 2.44 
C4/5 0.35 2.03 1.32 2.50 0.86 2.31 
C5/6 0.00 1.77 0.35 2.00 0.18 1.87 
C6/7 0.43 2.28 0.27 3.01 0.34 2.64 
 
 
The summaries of observer consistency scores for two observers rating data from 20 
subjects twice appear in Table 42, below. 
 
Table 42. Mean values and standard deviations in measurement of inter-segmental motion (rotation) 
in degrees, from one observer to another, from one occasion to another, and in aggregate. 
  
Segment mean SD 
C2-3 8.19 3.03 
C3-4 12.12 3.28 
C4-5 14.13 3.98 
C5-6 13.35 4.43 
C6-7 12.50 4.33 
 
 
A clinical significance range of values for sagittal rotations in the neck. 
 
If one takes two standard deviations from the mean of values as a preliminary step to 
establishing a clinical significance value for notionally abnormally reduced of increased 
intersegmental motion, we must add an amount for observer idiosyncrasy, also of two 
standard deviations from the mean of observer differences. This latter amount is, however, 
incorporated within outer limits of the first to secure values for a notional clinical 
significance range. Given that joints stiffen with age, and women are more flexible than 
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men of the same age, we must erect six catalogues of values at each joint level for clinical 
significance values. See Tables 43 and 44 below: 
 
 
 
Table 43. Clinical significance values for intersegmental sagittal rotations in the neck from C2/3 to 
C6/7 in females, in degrees. 
 
  
Level C2-3 C3-4 C4-5 C5-6 C6-7 
30s      
Mean 8.87 12.93 15.2 14.94 13.32 
SD 2.61 3.41 4.70 4.06 4.54 
CSV upper 14.09 19.75 24.6 23.06 22.40 
CSV lower 3.65 6.11 5.80 6.82 4.24 
40s      
Mean 9.84 14.96 16.04 14.1 13.18 
SD 3.61 3.52 3.64 4.02 3.54 
CSV upper 17.06 22.00 23.32 22.12 20.26 
CSV lower 2.62 7.92 8.76 6.08 6.10 
50s      
Mean 7.54 11.35 13.7 11.88 9.63 
SD 2.72 3.16 3.63 3.75 3.22 
CSV upper 12.98 17.67 20.96 19.38 16.07 
CSV lower 2.10 5.03 6.44 4.38 3.19 
 
 
TABLE 44.  Clinical significance values for intersegmental sagittal rotations in the neck from C2/3 to 
C6/7 in males, in degrees. 
 
Level C2-3 C3-4 C4-5 C5-6 C6-7 
30s      
Mean 8.05 12.11 13.91 15.21 11.92 
SD 3.07 3.30 4.21 4.08 4.39 
CSV upper 14.19 18.71 22.33 23.37 20.70 
CSV lower 1.91 5.51 5.49 7.05 3.14 
40s      
Mean 7.71 12.18 13.68 13.29 14.34 
SD 2.48 3.19 3.64 4.93 4.42 
CSV upper 12.67 18.56 20.96 23.15 23.18 
CSV lower 2.75 5.80 6.40 3.43 5.50 
50s      
Mean 6.85 10.74 12.02 10.94 9.86 
SD 2.55 2.97 3.07 4.05 4.35 
CSV upper 11.95 16.68 18.16 19.04 18.56 
CSV lower 1.75 4.80 5.88 2.84 1.16 
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5.1 Landmark identification. 
 
Identification of the spatial position of landmarks on images of bones on radiographs on 
the basis of marking single dots at given points on an image in, say, neck flexion, then 
identifying accurately those same points subsequently on another radiograph of the 
subject in, say, extension, is problematic. A radiograph is a two dimensional representation 
of a three-dimensional object that is both irregular in shape and complex in structure. 
 
When one views a second radiograph in a flexion-extension sequence, to compare with 
the first, the image of the architecture and outline of bone structures are likely to have 
transformed in more than one plane. This occurs despite prior instructions given to the 
subject to move the body part in only one plane while the radiograph is being exposed. 
 
Images of bone corners, appealing as a site for making a dot through which lines may later 
be drawn become large radius curves in the second projection. Straight-line images tidily 
defining a bone margin may become indistinct borders as another line or lines are 
superimposed. This is because, although symmetry, say, of the shape and angulation of 
zygapophysial and uncovertebral joints in the neck may very well be an aesthetic ideal, it 
is rarely a biological reality. Further, radiographs depict much of the interior architecture of 
the bone, not just external borders, leading to a profusion of images one over another. 
 
An ideal measurement technique would thus depend less on single dots, lines or corners 
and more on multiple landmarks. The cortico-medullary demarcation line within the 
vertebral body image provides many points for registration of a pattern for position 
recognition if one uses ink-accepting clear acetate sheets affixed to the radiographs 
permitting overlay for comparison and ‘fitting’ of one image over another. It transpires that 
cortico-medullary bone demarcation lines are much more consistent in appearance in one 
lateral cervical spine radiographic projection of a neck compared with another of that part 
in the same subject. This is because such images derive from the three dimensional 
internal architecture of the bones that is much less likely to change in radiographic 
appearance as small increments of non-sagittal motion take place while the bone moves in 
the sagittal plane. 
 
Thus, the pattern recognition technique of Amevo et al, with some modification, was the 
method we used. 
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5.2 Corrections for variations in bone image sizes. 
 
Such variation derives from two sources: projectional distortion and natural biological bone 
size variation from one individual to another, and from one bone level to another, given 
that lower cervical spine vertebrae are larger than vertebrae in the upper neck. 
 
When one exposes a radiograph, the ionizing radiation emits from a rotating anode in the 
tube head of the machine. Such notional point source is usually no more than one 
millimetre in size, and the exposure beam spreads out so that when it reached the subject 
at a tube film distance of, say, 172 centimetres, the centre of the beam generates an 
image that is of the real size of the object being exposed. However, the outer limits of the 
beam expose parts of the target object at somewhat of an angle, and the farther the outer 
part is from the centre of the beam, the more its image is enlarged. This means that at 
short tube film distances, visible magnification occurs. If the distance from the tube to the 
object is very great, the magnification is relatively less. Our dataset comes from several 
medical facilities in which radiographers may have chosen different tube film distances to 
expose the radiographic images, so a standardizing exercise allows us to account for that. 
 
Natural variations in bone size occur from one individual to another and from one level to 
another in the same person. One can see that men generally have larger bones than 
women, but the ranges found in both genders allow that small men may have smaller 
bones than larger women at a given level. The standardizing process allows us to account 
for this further issue, as well. See Tables 9 to 14, above. 
 
 
5.3 Coefficients of variation. 
 
The Coefficient of Variation is contrived as a ratio (having no units) which permits an 
appreciation of the relationship between the spread of observer differences and the mean 
of the sample from which the data are drawn. After these calculations were completed, 
comparison of raw (unstandardized data) and the standardized data was made by 
calculating the coefficients of variation. This revealed, for the most part, that the 
coefficients of variation are notably smaller for the standardized calculations than for the 
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raw data calculations in almost all instances. It’s reasonable thus to conclude that the 
standardizing process improves accuracy. See Tables 9 to 14, above. 
 
5.4 Variations for instantaneous centres of rotation and rotations: 
 
Variations in natural morphology from one joint level to another will cause natural 
variations in motion behaviour, both in the context of ICRs and rotations, and can be 
explained as the sum of the effects of natural differences, such as asymmetries in the size, 
shape and orientation of zygapophysial and uncovertebral joints, the internal attributes and 
architecture of the intervertebral discs, and elasticity of attending ligaments. Further 
contribution to natural variation in motion amplitudes and attributes arises from functional 
asymmetries like the differences in forces of muscles affecting joint motion. 
 
Discrepancies in measured values existing at each joint level from one subject to another 
(quantified by standard deviation calculations) can be explained by both of natural 
variations of local joint behaviour in the neck of one subject compared with another, and by 
the error magnitudes of the measurement technique. The value for such natural variation 
is calculated by subtracting the value for inter-observer error magnitude from the value of 
total observed variation. 
 
Assumptions underpinning the diagnostic behaviours of chiropractors and surgeons in 
assessing amplitude and quality of local joint motion include the adoption of a catalogue of 
notionally normal values for both motion amplitudes and of ICRs. This assumes, however, 
that each normal range has a sharply defined limit, probably because of a guess that 
measurement of joint motion amplitude and quality is sufficiently precise. 
 
The foregoing study reveals that neither of these assumptions can be sustained. Because 
of measurement error, an observer cannot be absolute about the value for a given 
measurement. Thus, it follows that a collection of observations defining a set of notional 
normal ranges and positions is itself subject to the same imprecision. The limits of normal 
are not sharply defined perimeters or parameters, but a grey zone: a probability 
distribution. 
 
Any range about a mean necessarily includes within it an amount of measurement error. 
Consequently, confidence in the accuracy of any stated normal range or position is tainted 
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by error inherent in measuring that range. Observed ranges and measurement errors can 
be matched with errors being fully incorporated into the observed range (see Figure 10 
below): 
 
+/- 2sd IntObs error         +/- 2sd IntObs error 
|...o...|             |...o...| 
|……………..……………….……o…….………..…………….……….| 
          mean             +/- 2sd observed range 
Figure 11. A representation of the way error ranges and observed ranges are matched. 
 
This model stipulates that values at the upper and lower limits of the range may not reflect 
the true natural variation in the parameter because they may have represented values 
actually closer to the mean but which, because of observer error, have been over-read or 
under-read. 
 
Normal ranges and positions are used both in diagnosis and in evaluating therapy: a 
patient may be diagnosed as having reduced or excessive range, or mal-position of an 
ICR. After therapy, a clinician may claim that a patient's abnormal range or position has 
been corrected. Such deductions are based on some reference, normal, range or scale. 
Because measurement errors can arise, one must be circumspect about values near the 
limit of the reference range. 
 
By the same token, a therapeutic intervention appearing to change a value from just 
outside to just inside the normal range or position may have had no useful biological 
impact if, in fact, pre-procedural and post-procedural measurements were in error in 
opposite senses whereupon the apparent change is due solely to errors in the 
measurement. Accordingly, clinicians should be cognizant of the magnitude of possible 
measurement errors in relation to the mean of the value being measured and its natural 
variation. 
 
Further, the work of van Mameren217 revealed that rotation amplitude values changed in 
the same subject according to whether the rotation was from flexion to extension or from 
extension to flexion. Additionally, values secured on one day varied from values secured at 
another time, in the same subject. This series of observations does not easily lend itself to 
explanation. It seems reasonable to conclude that the time of day chosen for the test may 
explain part of the variation in the same subject. 
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The nucleus of the intervertebral disc has long been known218,219,220 to comprise long chain 
carbohydrate molecules called proteoglycans, which are hydrophilic, and imbibe water 
from the vertebral body via the vertebral body end-plate during recumbency at night. 
Although the research concerns lumbar intervertebral discs, it seems reasonable to 
extrapolate to the neck in this explanation. The viscoelastic behaviour of the cervical 
intervertebral discs in full flexion and full extension may thus vary somewhat according to 
time of day, and alter values for amplitudes of rotational motion. 
 
Moreover, further complicating rumination of the causes of variation in rotation results in 
van Mameren’s work, one must consider that the rate of loading in biological viscoelastic 
materials determines the behaviour of the tissue being loaded221. At low load rates, the 
disc deforms and is more flexible, but at high rates the disc becomes stiff. We do not know 
whether the study subjects flexed and extended their necks rapidly or not (or even at these 
rate variations whether it would make any difference). 
 
Finally, degeneration and dehydration of the disc affect the viscoelastic properties of creep 
(the deformity of a viscoelastic material over time as it is subjected to suddenly applied 
constant load) and relaxation: a degenerated disc deforms faster and more than a healthy 
disc. If any subject (all subjects were ‘normal’ twenty year old healthy males) had 
notionally sub-clinical disc decay, perhaps its first sign would be increased amplitude of 
rotation whatever other variables were present. 
 
The amplitudes of rotation have been measured and analyzed in a more comprehensive 
way than any previously published author by accounting for all of gender and age cohorts 
and standardizing the way the radiographs have been exposed via flexion chin protrusion 
before full neck flexion (no prior nod). Further, the inter-observer variation of two observers 
measuring radiographic images twice has been measured, and allowance made for two 
standard deviations of observer variation to be incorporated into the outer limit of two 
standard deviations of notional biological variation. By adding two standard deviations 
above and below the mean amplitude for the motion range in each age group in each 
gender at each joint level, a notional upper and lower limit Clinical Significance Value at 
each point has been established for the first time. See Tables 43-44 above. 
 
The van Mameren studies require interpretation of these rotation results be undertaken 
with caution. Of course, this leads to the idea that future such investigations might be 
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undertaken to try to avoid diurnal variations in disc height and rigidity, by exposing 
radiographs at the same time of day in a more standardized way (accounting for speed of 
flexion and extension, discarding spondylotic joints from consideration, which did not 
happen in this study, and using chin protrusion before flexion), and on at least three 
occasions. If one could secure ethical clearance and recruit suitably qualified volunteers, 
one could determine whether other factors are at play than the ones discussed above. 
 
Notably, the van Mameren study found no variations in ICRs when analysis was from 
flexion to extension versus extension to flexion, and there was no variation in results from 
radiographs taken of a given subject from one day to another. 
 
 
5.5 Instantaneous centres of rotation: a correction factor. 
 
Because variations in film focal distance change the size of bone images, and most 
cervical spine bones vary in size from one person to another, a correction factor was 
introduced when assessing ICR values. This exercise was unnecessary for assessment of 
simple rotation angles as they are unaffected by projectional distortion in the radiographic 
image or changes in sizes of the bones being assessed. This is not the case for 
instantaneous centres of rotation. 
 
This correction factor was achieved by measurement of the antero-posterior dimension as 
well as the height of each vertebral body in terms of its cortico-medullary demarcation 
margins, both in mid-body, in millimetres. By dividing the results of such measurements 
into the values secured for the abscissa and the ordinate of the ICRs respectively, a new 
value here termed the ‘standardized value’ can be constructed and this forms the basis of 
analysis of the results of the study. Notably, the coefficients of variation for assessment of 
the notionally ‘raw’ results of measurements are greater, for the most part, than the 
coefficients of variation for assessment of the ‘standardized’ results, so the exercise of 
establishing the ‘standardized’ results is justified. 
 
This study measured and analyzed the instantaneous centres of rotation in a more 
comprehensive way than any previously published by accounting for all of gender and age 
cohorts and standardizing the way the radiographs have been exposed via flexion chin 
protrusion before full neck flexion. 
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The results, however, vary from those secured by Amevo et al, which, in standardized 
ICRs terms are revealed in Tables 59 to 64, below. Amevo et al did not account for age or 
gender in their study. 
 
Table 59. Mean values and standard deviations of absolute and standardized values for the X and Y 
co-ordinates of ICRs of the typical cervical motion segments according to Amevo et al. Results of 
this study for females aged 30 to 39 years are in brackets. Data on absolute ICRs are to the nearest 
tenth of a millimetre. Standardized ICRs have no units. 
 
Segment  Absolute ICR (mm) Standardized ICR 
 MEAN SD MEAN SD 
C2-3 X 4.50 (4.60) 1.20 (2.40) 0.27 (0.30) 0.07 (0.14) 
Y 5.40 (3.10) 3.70 (4.00) 0.36 (0.35) 0.23 (0.20) 
C3-4 X 5.60 (4.50) 1.50 (2.30) 0.32 (0.29) 0.08 (0.11) 
Y 7.20 (5.30) 3.20 (3.60) 0.52 (0.51) 0.21 (0.27) 
C4-5 X 6.20 (5.50) 1.50 (2.30) 0.36 (0.36) 0.07 (0.13) 
Y 8.10 (5.60) 2.90 (2.30) 0.60 (0.63) 0.18 (0.30) 
C5-6 X 7.20 (6.40) 1.30 (1.80) 0.39 (0.41) 0.06 (0.10) 
Y 10.30 
(8.60) 
2.50 (3.10) 0.78 (0.81) 0.16 (0.31) 
C6-7 X 8.20 (7.90) 1.00 (2.20) 0.44 (0.49) 0.08 (0.13) 
Y 14.20 
(12.20) 
2.20 (2.60) 0.95 (0.99) 0.08 (0.21) 
 
 
This comparison reveals similar values for absolute measurements from the Amevo data 
to this study, except for standard deviations, which are greater in this study in almost all 
cases. Perhaps this study’s observers were less well trained, or more hurried in their 
measurements. Y-axis measurements were subject to greater standard deviations than the 
X, in both studies. Further, it is striking just how close the standardized mean data are in 
both studies, lending yet more weight to the value of the standardizing exercise. 
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Table 60. Mean values and standard deviations of absolute and standardized values for the X and Y 
co-ordinates of ICRs of the typical cervical motion segments according to Amevo et al. Results of 
this study for males aged 30 to 39 years are in brackets. Data on absolute ICRs are to the nearest 
tenth of a millimetre. Standardized ICRs have no units. 
 
 
Segment  Absolute ICR (mm) Standardized ICR 
 MEAN SD MEAN SD 
C2-3 X 4.50 (5.40) 1.20 
(2.00) 
0.27 (0.30) 0.07 (0.14) 
Y 5.40 (4.10) 3.70 
(4.20) 
0.36 (0.35) 0.23 (0.20) 
C3-4 X 5.60 (5.90) 1.50 
(1.90) 
0.32 (0.29) 0.08 (0.11) 
Y 7.20 (7.20) 3.20 
(4.10) 
0.52 (0.51) 0.21 (0.27) 
C4-5 X 6.20 (5.60) 1.50 
(2.30) 
0.36 (0.36) 0.07 (0.13) 
Y 8.10 (8.80) 2.90 
(3.10) 
0.60 (0.63) 0.18 (0.30) 
C5-6 X 7.20 (7.10) 1.30 
(1.90) 
0.39 (0.41) 0.06 (0.10) 
Y 10.30 
(10.10) 
2.50 
(4.00) 
0.78 (0.81) 0.16 (0.31) 
C6-7 X 8.20 (7.60) 1.00 
(2.30) 
0.44 (0.49) 0.08 (0.10) 
Y 14.20 
(14.30) 
2.20 
(3.60) 
0.95 (0.99) 0.08 (0.21) 
 
 
In the case of males aged from 30 to 39 years, differing from the values of the female 
cohort of the same age, absolute means are much closer in each study, with standard 
deviations a little less congruent. For the standardized data, the means are very close 
indeed, and again, the standard deviations are less close. This may mean that the 
volunteers in the Amevo et al study tended to be younger males. 
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Table 61. Mean values and standard deviations of absolute and standardized values for the X and Y 
co-ordinates of ICRs of the typical cervical motion segments according to Amevo et al. Results of 
this study for females aged 40 to 49 years are in brackets. Data on absolute ICRs are to the nearest 
tenth of a millimetre. Standardized ICRs have no units. 
 
 
 
Segment  Absolute ICR (mm) Standardized ICR 
 MEAN SD MEAN SD 
C2-3 X 4.50 (4.60) 1.20 (2.10) 0.27 (0.31) 0.07 (0.12) 
Y 5.40 (6.10) 3.70 (3.50) 0.36 (0.56) 0.23 (0.29) 
C3-4 X 5.60 (4.80) 1.5 (1.90) 0.32 (0.33) 0.08 (0.16) 
Y 7.20 (6.90) 3.20 (2.40) 0.52 (0.55) 0.21 (0.26) 
C4-5 X 6.20 (5.10) 1.50 (1.50) 0.36 (0.34) 0.07 (0.09) 
Y 8.10 (6.90) 2.90 (2.40) 0.60 (0.66) 0.18 (0.24) 
C5-6 X 7.20 (6.50) 1.30 (1.60) 0.39 (0.39) 0.06 (0.10) 
Y 10.30 
(8.30) 
2.50 (2.80) 0.78 (0.79) 0.16 (0.23) 
C6-7 X 8.20 (7.40) 1.00 (2.60) 0.44 (0.45) 0.08 (0.14) 
Y 14.2 (11.8) 2.2 (3.9) 0.95 (1.00) 0.08 (0.25) 
 
 
The comparisons for this age and gender cohort reveal more congruence on average for 
absolute X values than in the previous two comparisons, again, with wider standard 
deviations for this study compared with the other. Again, standardized values for the mean 
observations and calculations are strikingly similar. And again, standard deviations are 
greater for this study for the standardized values than for those of the Amevo et al study. 
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Table 62. Mean values and standard deviations of absolute and standardized values for the X and Y 
co-ordinates of ICRs of the typical cervical motion segments according to Amevo et al. Results of 
this study for males aged 40 to 49 years are in brackets. Data on absolute ICRs are to the nearest 
tenth of a millimetre. Standardized ICRs have no units. 
 
 
Segment  Absolute ICR (mm) Standardized ICR 
 MEAN SD MEAN SD 
C2-3 X 4.50 (4.00) 1.20 (3.40) 0.27 (0.26) 0.07 (0.16) 
Y 5.40 (4.40) 3.70 (4.70) 0.36 (0.40) 0.23 (0.25) 
C3-4 X 5.60 (5.10) 1.50 (3.10) 0.32 (0.33) 0.08 (0.12) 
Y 7.20 (7.50) 3.00 (3.60) 0.52 (0.64) 0.21 (0.28) 
C4-5 X 6.20 (5.70) 1.50 (2.00) 0.36 (0.34) 0.07 (0.12) 
Y 8.10 (7.90) 2.90 (3.40) 0.60 (0.65) 0.18 (0.26) 
C5-6 X 7.20 (6.50) 1.30 (1.90) 0.39 (0.37) 0.06 (0.10) 
Y 10.30 (9.90) 2.00 (4.00) 0.78 (0.86) 0.16 (0.27) 
C6-7 X 8.20 (8.00) 1.00 (1.90) 0.44 (0.43) 0.08 (0.12) 
Y 14.20 (13.70) 2.20 (3.40) 0.95 (1.00) 0.08 (0.17) 
 
 
 
Comparisons in this cohort, as for the cohorts above, reveal good consistency between the 
studies for means, except that the Y means are much closer than in the other cohorts, 
except at level C6-7, which is often obscured by the shoulder and may not move much 
anyway, which could explain the discrepancy. As in the tables above, there is a marked 
consistency in the means of the standardized data in both studies, except at level C3-4, 
which is unexplained, again, with the standard deviations being greater for this study. 
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Table 63. Mean values and standard deviations of absolute and standardized values for the X and Y 
co-ordinates of ICRs of the typical cervical motion segments according to Amevo et al. Results of 
this study for females aged 50 to 59 years are in brackets. Data on absolute ICRs are to the nearest 
tenth of a millimetre. Standardized ICRs have no units. 
 
 
 
Segment  Absolute ICR (mm) Standardized ICR 
 MEAN SD MEAN SD 
C2-3 X 4.50 (4.50) 1.20 
(2.30) 
0.27 (0.34) 0.07 (0.12) 
Y 5.40 (4.50) 3.70 
(3.50) 
0.36 (0.47) 0.23 (0.25) 
C3-4 X 5.60 (5.30) 1.50 
(2.10) 
0.32 (0.39) 0.08 (0.14) 
Y 7.20 (5.90) 3.20 
(2.70) 
0.52 (0.64) 0.21 (0.23) 
C4-5 X 6.20 (5.40) 1.50 
(1.40) 
0.36 (0.40) 0.07 (0.10) 
Y 8.10 (6.60) 2.90 
(2.40) 
0.60 (0.64) 0.18 (0.23) 
C5-6 X 7.20 (5.80) 1.30 
(1.80) 
0.39 (0.42) 0.06 (0.14) 
Y 10.30 
(8.20) 
2.50 
(2.60) 
0.78 (0.79) 0.16 (0.24) 
C6-7 X 8.20 (6.60) 1.00 
(1.90) 
0.44 (0.45) 0.08 (0.11) 
Y 14.20 
(11.70) 
2.20 
(3.80) 
0.95 (0.99) 0.08 (0.27) 
 
 
 
This comparison reveals less consistency between the studies than in the cohort 
immediately preceding. Absolute values for X coordinates are closer than the Y, as above, 
but even the standardized values are less close than in the other cohorts. Standard 
deviations are greater for the standardized values in this study than that of Amevo et al. 
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Table 64. Mean values and standard deviations of absolute and standardized values for the X and Y 
co-ordinates of ICRs of the typical cervical motion segments according to Amevo et al. Results of 
this study for males aged 50 to 59 years are in brackets. Data on absolute ICRs are to the nearest 
tenth of a millimetre. Standardized ICRs have no units. 
 
 
Segment  Absolute ICR (mm) Standardized ICR 
 MEAN SD MEAN SD 
C2-3 X 4.50 (6.50) 1.20 
(3.60) 
0.27 (0.35) 0.07 (0.21) 
Y 5.40 (8.20) 3.70 
(4.40) 
0.36 (0.58) 0.23 (0.34) 
C3-4 X 5.60 (6.20) 1.50 
(2.30) 
0.32 (0.35) 0.08 (0.12) 
Y 7.20 (7.10) 3.20 
(3.40) 
0.52 (0.64) 0.21 (0.21) 
C4-5 X 6.20 (6.60) 1.50 
(2.00) 
0.36 (0.39) 0.07 (0.11) 
Y 8.1 (7.7) 2.9 (2.4) 0.60 (0.68) 0.18 (0.21) 
C5-6 X 7.20 (7.10) 1.30 
(1.90) 
0.39 (0.39) 0.06 (0.09) 
Y 10.30 
(8.70) 
2.50 
(3.20) 
0.78 (0.74) 0.16 (0.26) 
C6-7 X 8.20 (9.40) 1.00 
(2.60) 
0.44 (0.57) 0.08 (0.28) 
Y 14.20 
(12.6) 
2.20 
(4.70) 
0.95 (0.97) 0.08 (0.32) 
 
 
In this cohort, again, the mean absolute and the standardized values diverge from one 
study to the other, mostly for Y coordinates, with the standard deviations in this study 
consistently greater than the Amevo data. 
 
One must remember here, for the six cohort comparisons, that the Amevo study had fewer 
subjects (fewer than fifty overall), and did not delineate genders and ages, except overall. 
This limits the foregoing comparisons made with this study’s age and gender cohorts. It 
seems clear that this study’s examiners were either less well trained, or more hurried in 
their activities, to explain the consistently larger standard deviations in this study.  
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Further, if one concedes that both studies worked on populations of subjects 
representative of the population at large, and thus similar to one another, there seems to 
be a systematic bias in one or other of the data sets because this study’s data consistently 
records smaller values for both X and Y coordinates of absolute measurements, but not for 
the standardized data. This may mean that the standardizing process only partly corrects 
for discrepancies in bone size and film focal distance. Curiously, the Amevo dataset was 
taken at the very short film focal distance of 1120mm, whilst standard radiographic 
practice is usually to expose films at a film focal distance of 1800mm at least. The small 
film focal distance of the Amevo study has the effect of magnifying image size 
considerably, most particularly at the level of the central ray, the middle of the x-ray beam. 
Thus, structures at the outer edges of a film receiving and recording the overall image are 
relatively much larger than those at the centre. Perhaps this accounts for some of the 
discrepancy between the Amevo data and those of this study. 
 
 
5.6 Inter-observer variations for measurement of ICRs. 
 
This study has measured the inter-observer variation of two observers measuring 
radiographic images twice, and allowed for two standard deviations of observer variation to 
be added within the observed limit of two standard deviations of notional biological 
variation above and below the mean.  
 
By adding those two sets of two standard deviations above and below the mean position 
for the ICR in each age group in each gender at each joint level, one can construct a 
notional upper and lower limit Clinical Significance Value at each point, for the first time. 
See Tables 29 to 34 above. 
 
As an application of these results, those interested in using this data will seek meaning in 
comparing their own results for joint amplitude variation and quality of motion in the neck in 
the sagittal plane, it is appropriate to ruminate on just what constitutes normal from this 
oeuvre. 
 
Conventionally, one considers two standard deviations above and below a mean in such a 
dataset with a normal distribution to represent, with 95% confidence that any similarly 
obtained datum will fall within that range. Thus, one discovers whether a joint is hyper or 
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hypo mobile, at a given level in the same plane, in the same gender and in the same age 
cohort, based on these calculations. 
 
Further, one discovers whether the motion quality is normal, defined here as the location 
of the relevant instantaneous centre of rotation, corrected for bone size, at a given level in 
the same plane, in the same gender and in the same age cohort, based on these 
calculations. 
 
In summary, if one examines radiographs taken this way, the results of such 
measurements may be compared with these tables to determine whether the values for a 
subject of that age cohort and gender fall within these notional normal upper and lower 
limits. Thus one may claim, with 95% confidence, that the behaviour of the joint concerned 
is biologically normal or abnormal. 
 
Of course, given the MANOVA analysis of results of this investigation (see Tables 24 to 28, 
above), it seems that, unless future investigations achieve a better method than this one, 
the only entity capable of differentiating differences for all joint levels in the cervical spine, 
from C2-3 to C6-7, with suitable confidence limits, is measurement of rotations, for age 
cohorts. See summary Table 65, below. 
 
Table 65. Summary of correlations among X axis measurements, Y axis measurements, and rotation angle 
measurements at each joint level. 
 
 C2-3 C3-4 C4-5 C5-6 C6-7 
X axis none age age none none 
Y axis age sex none none none 
Rotations age and sex age and sex age and sex age age 
 
 
All conclusions related to joint rotation motion amplitude must be interpreted cautiously, 
given that the van Mameren study of a small sample of males in their early twenties 
revealed differences in joint motion amplitudes from one occasion to another and from 
rotation beginning with flexion compared with rotation beginning in extension, even in the 
same subjects. 
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This study began with the following Null Hypotheses: 
 
1. Ho age and sex combined have no effect on any joint level X axis coordinate values 
2. Ho age has no effect on any joint level X axis coordinate values 
3. Ho sex has no effect on any joint level X axis coordinate values 
4. Ho age and sex combined have no effect on any joint level Y axis coordinate values 
5. Ho age has no effect on any joint level Y axis coordinate values 
6. Ho sex has no effect on any joint level Y axis coordinate values 
7. Ho age and sex combined have no effect on any joint level rotation amplitudes 
8. Ho age has no effect on any joint level rotation amplitudes  
9. Ho sex combined has no effect on any joint level rotation amplitudes 
 
From this investigation, for analysis of Joints C2-3 to C6-7 inclusive, using the methods 
delineated above, these conclusions follow: 
 
1. Ho age and sex combined have no effect on any joint level X axis coordinate values. 
ACCEPTED 
2. Ho age has no effect on X axis coordinate values. ACCEPTED 
3. Ho sex has no effect on X axis coordinate values. ACCEPTED 
4. Ho age and sex combined have no effect on Y axis coordinate values. ACCEPTED 
5. Ho age has no effect on Y axis coordinate values. REJECTED for Joint C2-3, 
ACCEPTED all other joints. 
6. Ho sex has no effect on Y axis coordinate values. REJECTED for Joint C3-4, 
ACCEPTED for all other joints. 
7. Ho age and sex combined have no effect on rotation amplitudes. ACCEPTED 
8. Ho age has no effect on rotation amplitudes. REJECTED for all joint levels 
9. Ho sex has no effect on rotation amplitudes. REJECTED for Joints C2-3, C3-4, C4-
5, ACCEPTED for all other joint levels. 
From this investigation, there is thus sufficient difference in values in enough joints, for the 
three different age cohorts representing the commonest age groups presenting with neck 
pain and related disorders, and in both genders, to render current catalogues of normal 
sagittal rotational motion subject to cautious interpretation. For normal sagittal plane local 
joint motion from C2-3 to C6-7 in the human neck, for rotation amplitude values, by age 
cohort, the Null Hypotheses are rejected. 
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CHAPTER 6 
 
 
CONCLUSIONS 
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Human musculoskeletal disorders are prevalent at all ages and are costly in both human 
terms and in loss of economic productivity.  Prominent amongst such complaints are those 
attributable to disorders of the neck, which are thought to be of mechanical origin. Most of 
these defy adequate categorization on the basis of discrete, reliable and valid diagnosis, 
although their notionally mechanical origin is the basis on which spinal manipulation, and 
operative spinal surgery are practiced (Chapter One). 
 
Before one can know abnormal, one must understand normal. In this case, we must seek 
amplitudes of joint motion, as well as quality of motion. Because the neck region, from C2-
3 to C6-7 is the only morphologically similar sequence of joints in the human spine that 
rotates in one plane only, the sagittal, simplicity demands that analysis of local joint 
behaviour begins here (Chapter Two). 
 
Radiography logically appeals as the most promising approach but unreliable bony 
external landmark identification from one radiographic projection to another confounds 
attempts to measure motion amplitude or quality with such simple techniques. No authors 
have published a reliable catalogue of joint motion amplitudes or ICRs which accounts for 
all of gender, age, standardized protocols involving prior nod of the chin on flexion, 
standard deviations of observer variations, or sufficient numbers in sub groups permitting 
statistical analysis. I use a newer technique, modified by me, which affords more 
consistent landmark recognition via the cortico-medullary demarcation threshold (Chapter 
Three). 
 
Because rotation amplitude assessment is unaffected by bone size or radiographic 
projection distortion, simple angular measurements with the newer technique suffice. ICRs 
are, however affected, so a correction factor is used to mitigate the effect of differing bone 
sizes and any projectional distortion of bone size. The use of the correction factor is 
termed standardizing, and standardized data for the X and Y axis for ICRs have a lower 
coefficient of variation than does the raw data (Chapter Three). 
 
Results for values of rotation amplitude in six cohorts (three each of each gender at ages 
thirty to thirty nine, forty to forty nine and fifty to fifty nine years) are tabulated such that 
Clinical Significance Values (CSVs) are derived. CSVs account for an upper and lower 
limit of normal with 95% confidence by adding or subtracting two standard deviations of 
observed variation which includes both of two standard deviations of biological variation 
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and observer variation both, from the mean (Chapter Four). Rotation data must be 
cautiously interpreted since van Mameren showed rotation amplitude variation depended 
partly on the direction of initiation of motion and differences from one measuring occasion 
to another. 
 
Similarly, standardized CSVs for ICRs in the same six cohorts are tabulated in the same 
way. 
 
This study provides answers not yet published by others. It allows for establishment of 
notional normal amplitudes of rotation in the sagittal plane (with the van Mameren caution) 
in each of both genders and in three age cohorts in the age ranges at which most neck 
related disorders present. Similarly, standardized ICRs are now defined in the same 
circumstances. 
 
A significant caution, however, must, in light of comparison with the Amevo data, arise 
concerning the training of future observers using this modified method. There should, it 
seems, be at least ten hours of training in the method, and with scrutiny of intra observer 
consistency, before an observer should apply the method to clinically significant purposes, 
and the execution of the method must be scrupulously meticulous and unhurried to have 
any confidence in the outcome measures. 
 
MANOVA analysis reveals that rotation amplitudes vary based on age sufficiently to 
render previous tabulations of notional normal values subject to cautions for clinical use. 
It’s thus claimed this dataset is a better catalogue for clinical chiropractic and surgical use. 
 
Using the work of Bogduk et al222 (see Table 2, reproduced again below), one may even 
infer whether the site of the mechanical pathology inducing any motion abnormality is 
derived from changes in disc stiffness, muscle force, shear stiffness, or ligament tension. 
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Table 2: A summary of cardinal biomechanical changes fundamental to changes in the site of a 
centre of reaction, the amplitude of rotation or the magnitude of translation. The + symbol signifies 
increase in translation or rotation or a forward shift of the centre of reaction. The – symbol signifies a 
reduction in translation or rotation or a backward shift of the centre of reaction. CR is centre of 
reaction, Θ is rotation angle, T is translation. 
 
 
Change in biomechanical property 
 Disc stiffness Muscle force Shear stiffness Ligament tension 
Change in 
parameter 
Anterior Posterior Anterior Posterior Anulus 
fibrosus 
Posterior Anterior Facet 
impaction 
+CR Increased Decreased Increased Decreased --- --- --- Impaired 
-CR Decreased Increased Decreased Increased --- --- --- --- 
+Θ Decreased Increased Decreased --- --- Decreased 
or > 
Decreased 
or < 
 
-Θ Increased Decreased Increased --- --- Increased 
or > 
Increased 
or < 
 
+T --- --- --- --- Decreased --- --- Impaired 
-T --- --- --- --- Increased --- --- --- 
 
 
These data sets are appropriate for chiropractors and others with an interest in manual 
therapy, and surgeons, both for clinical, medico-legal and research purposes. In particular, 
opportunities now exist for better assessment of: 
a. The prevalence of local neck joint disorder in symptomatic populations; 
b. Necks after surgical installation of neck disc prostheses; 
c. Other complaints of notionally cervical origin, like headache, cranio-facial pain, 
shoulder and upper limb pain; 
d. The sensitivity and specificity of manual examination of local neck joint motion in 
non-painful as well as painful necks (the notional “vertebral subluxation”); 
e. The scrutiny of hypotheses on the anatomical site of mechanical pathologies as 
postulated in Table Two above; 
f. The power of surgery, manual therapy, drugs, massage, relaxation, heat, 
traction, or other therapeutic intervention to change or restore to normal ranges 
of sagittal rotation any abnormally moving neck joints C2-3 to C6-7 in the sagittal 
plane. 
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APPENDIX A: Tables 45 to 50. 
 
Results for non-standardized ICRs: 
 
Results for values of ICRs were tabulated for six cohorts (ages 30-39, 40-49, 50-59 in both genders), 
and shown in 6 tables as follows: 
“D” means deleted, because radiographer(s) did not follow instructions in taking the images. 
“M” means missing data (radiographs went missing in the mail). 
“N” means not seen (shoulder obscuring image of C6/7, for instance) 
“TS” means too small to measure. Where rotation angles are less than 5 degrees, technical errors 
increase markedly in magnitude, and at these levels in these subjects, ICRs were not calculated223,224. 
“1” is radiograph marker/measurer number 1 (has a decade of clinical radiology experience). 
“2” is radiograph marker/measurer number 2 (has three decades of clinical radiology experience). 
“X” is the abscissa, and “Y” is the ordinate, both measured in millimetres. 
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Table 45. Non standardized ICRs of normal females 30-39 years of age, in millimetres. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
F30 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 4 5 5 2 5 10 5 8 5 8 5 9 9 11 6 9 NS NS 6 9 
2 4 -2 TS TS 5 3 6 1 3 5 5 7 8 9 5 8 TS TS TS TS 
3 5 -1 3 5 3 4 4 5 4 8 5 7 5 8 5 8 8 12 6 8 
4 D D D D D D D D D D D D D D D D D D D D 
5 2 6 TS TS 8 -3 5 1 4 3 8 4 7 8 8 8 NS NS NS NS 
6 6 1 2 6 2 3 3 3 3 4 4 7 6 9 4 5 6 12 8 12 
7 TS TS TS TS 1 5 6 6 5 9 4 5 NS NS NS NS NS NS NS NS 
8 9 4 9 6 2 -2 4 4 7 -6 8 -5 NS NS NS NS NS NS NS NS 
9 6 1 6 4 4 9 6 3 8 3 9 6 4 1 3 5 14 15 8 9 
10 4 7 7 6 6 8 3 10 12 11 10 8 11 10 10 14 8 16 7 12 
11 M M 8 8 9 9 6 5 9 9 8 8 10 10 8 6 NS NS NS NS 
12 2 1 5 6 7 11 5 10 5 10 5 11 NS  8 12 NS NS NS NS 
13 3 6 4 5 8 11 5 11 3 7 6 11 8 16 6 11 9 14 10 14 
14 8 -2 8 0 2 6 0 -2 8 1 5 3 4 6 8 4 NS NS 7 10 
15 1 10 5 8 8 10 7 7 6 11 6 9 6 11 6 13 7 14 7 17 
16 TS TS M M 3 6 3 5 4 7 7 10 6 10 6 9 NS NS 10 18 
17 4 5 3 2 4 4 4 3 4 7 3 2 5 3 4 7 7 11 7 12 
18 TS TS 5 -2 4 5 4 6 3 5 3 2 7 7 5 10 5 13 7 12 
19 -2 3 3 -1 6 4 7 1 3 3 1 4 7 3 10 0 NS NS NS NS 
20 TS TS TS TS 4 8 7 7 8 4 8 8 9 8 7 13 NS NS 11 8 
21 4 4 1 3 3 4 4 4 2 1 2 1 4 10 4 7 NS NS 10 11 
22 5 2 6 2 4 1 5 6 5 7 6 10 7 9 6 13 7 15 8 15 
23 8 8 5 7 1 6 4 9 5 9 6 11 6 13 6 10 6 10 5 9 
24 5 6 8 5 4 7 6 10 8 10 6 9 7 9 6 11 9 11 8 11 
25 M M M M M M M M M M M M M M M M M M M M 
26 3 1 0 -4 3 8 4 6 6 8 5 7 6 9 5 10 NS NS 7 8 
27 2 2 6 3 5 0 2 4 6 7 9 6 7 7 7 7 6 16 10 17 
28 TS TS TS TS 3 1 3 -2 4 3 1 1 4 7 6 10 6 11 6 12 
29 7 5 6 0 4 9 4 3 5 8 7 7 8 8 6 8 NS NS 9 15 
30 M M M M M M M M M M M M M M M M M M M M 
31 M M M M M M M M M M M M M M M M M M M M 
32 M M M M M M M M M M M M M M M M M M M M 
33 M M M M M M M M M M M M M M M M M M M M 
34 3 5 4 6 5 5 5 8 5 9 4 10 4 7 8 9 8 12 15 10 
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Table 46. Non standardized ICRs of normal males 30-39 years of age, in millimetres. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
M30 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 TS TS TS TS 8 7 7 2 TS TS TS TS 11 8 9 15 8 18 10 21 
2 6 5 5 3 9 9 8 10 4 11 3 9 NS NS NS NS NS NS NS NS 
3 D D D D D D D D D D D D D D D D D D D D 
4 D D D D D D D D D D D D D D D D D D D D 
5 6 7 7 5 6 9 8 14 5 10 4 7 7 16 5 12 9 14 6 18 
6 TS TS TS TS 5 8 3 13 6 12 6 14 TS TS TS TS NS NS NS NS 
7 TS TS TS TS 6 8 4 1 5 8 7 14 7 15 9 14 NS NS NS NS 
8 2 3 M M 11 5 M M 6 4 M M 12 7 M M M M M M 
9 TS TS 5 6 7 12 6 13 7 13 7 10 6 8 9 6 12 13 10 13 
10 TS TS TS TS 4 7 6 13 3 7 7 7 2 11 5 7 NS NS 4 11 
11 TS TS TS TS TS TS TS TS TS TS TS TS TS TS TS TS NS NS NS NS 
12 5 7 6 9 8 12 8 9 5 12 5 13 7 12 8 15 10 19 6 18 
13 6 7 6 5 2 7 6 4 5 11 3 10 6 14 6 13 5 15 6 16 
14 TS TS 4 7 5 4 6 6 7 3 7 5 7 9 9 8 9 12 6 8 
15 D D D D D D D D D D D D D D D D D D D D 
16 D D D D D D D D D D D D D D D D D D D D 
17 D D D D D D D D D D D D D D D D D D D D 
18 M M M M M M M M M M M M M M M M M M M M 
19 D D D D D D D D D D D D D D D D D D D D 
20 TS TS TS TS 9 3 5 7 5 7 9 10 7 11 8 14 NS NS NS NS 
21 TS TS TS TS 4 7 4 1 5 5 4 6 6 4 6 8 5 12 5 8 
22 TS TS TS TS 7 -2 4 0 8 7 5 7 4 3 4 5 NS NS 9 16 
23 6 9 8 9 6 13 5 12 5 11 7 11 7 15 7 14 6 17 5 16 
24 D D D D D D D D D D D D D D D D D D D D 
25 D D D D D D D D D D D D D D D D D D D D 
26 TS TS TS TS 7 7 5 5 5 6 8 9 6 9 8 7 NS NS NS NS 
27 9 -1 5 4 7 5 6 3 5 8 7 8 8 16 7 12 NS NS NS NS 
28 2 -4 TS TS 5 6 4 0 5 11 5 13 8 13 7 10 NS NS 7 14 
29 TS TS 5 1 5 10 5 12 7 7 6 9 8 1 10 3 9 7 10 10 
30 TS TS 2 5 5 9 9 12 8 11 6 9 7 9 6 7 NS NS 12 17 
31 8 5 3 2 5 9 6 6 6 10 6 11 7 12 7 12 7 14 6 15 
32 TS TS TS TS 3 8 3 4 3 1 3 4 NS NS 7 10 NS NS NS NS 
 
 
  
 123 
 
Table 47. Non standardized ICRs of normal females 40-49 years of age, in millimetres. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
F40 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 3 6 5 10 3 4 6 3 5 4 2 3 4 6 7 9 NS NS NS NS 
2 5 10 3 13 7 7 7 9 3 10 4 9 NS NS NS NS NS NS NS NS 
3 TS TS TS TS 5 5 5 9 6 9 5 10 7 8 7 8 NS NS NS NS 
4 D D D D D D D D D D D D D D D D D D D D 
5 5 0 5 5 6 3 6 3 6 4 5 5 8 7 10 10 10 18 13 13 
6 10 10 TS TS 3 3 4 7 7 7 9 3 6 13 8 12 NS NS NS NS 
7 5 -2 3 3 5 2 4 8 6 7 3 3 6 10 5 10 NS NS NS NS 
8 3 10 5 10 5 10 4 11 6 11 5 10 9 11 6 8 NS NS NS NS 
9 TS TS TS TS 4 6 6 7 7 9 5 3 8 10 NS NS 17 -6 NS NS 
10 7 3 4 7 5 7 5 8 4 9 4 7 6 11 6 15 NS NS NS NS 
11 TS TS 5 7 7 3 7 3 5 6 5 7 8 7 8 5 9 9 9 12 
12 D D D D D D D D D D D D D D D D D D D D 
13 5 6 6 7 4 8 6 5 7 8 6 7 5 8 7 10 10 15 8 9 
14 D D D D D D D D D D D D D D D D D D D D 
15 8 2 4 6 1 8 3 10 6 6 4 6 6 10 4 9 NS NS 3 12 
16 5 1 3 5 6 3 7 4 6 5 5 9 4 8 4 6 7 11 8 14 
17 4 9 4 8 2 10 2 5 5 8 4 8 5 10 7 8 NS NS 7 14 
18 2 4 2 0 4 3 3 9 5 5 2 10 6 8 7 6 8 10 6 16 
19 8 14 3 9 4 8 4 4 5 8 3 9 5 5 5 7 6 10 7 11 
20 D D D D D D D D D D D D D D D D D D D D 
21 5 7 6 5 4 1 2 6 0 0 5 7 7 6 5 7 6 7 5 12 
22 3 3 5 7 6 8 7 5 5 9 5 9 7 9 7 10 9 11 6 11 
23 5 4 6 9 6 1 2 5 5 7 6 9 TS TS TS TS NS NS NS NS 
24 D D D D D D D D D D D D D D D D D D D D 
25 1 8 7 2 5 9 5 7 7 7 7 2 10 5 6 8 9 9 6 12 
26 D D D D D D D D D D D D D D D D D D D D 
27 6 6 7 7 5 8 6 8 7 9 7 7 10 -1 TS TS 4 12 NS NS 
28 M M M M M M M M M M M M M M M M M M M M 
29 M M M M M M M M M M M M M M M M M M M M 
30 D D D D D D D D M M M M M M M M M M M M 
31 M M M M M M M M M M M M M M M M M M M M 
32 M M M M M M M M M M M M M M M M M M M M 
33 D D D D D D D D D D D D D D D D D D D D 
34 TS TS TS TS 9 9 6 3 5 6 7 6 5 8 6 7 5 12 6 13 
35 4 3 4 5 4 3 5 8 4 5 4 5 7 6 7 7 NS NS NS NS 
36 3 2 5 4 4 6 4 5 4 3 5 4 7 7 6 10 8 13 6 8 
37 5 13 7 8 7 12 6 12 5 11 7 8 4 9 8 11 4 10 4 7 
38 1 4 6 9 7 9 6 5 5 6 6 9 12 -1 NS NS 9 11 NS NS 
39 3 8 5 11 5 6 5 7 4 7 5 11 5 10 5 12 8 17 7 15 
40 -2 13 3 9 -3 2 1 7 NS NS 5 9 NS NS NS NS NS NS NS NS 
41 2 2 5 5 6 5 5 10 6 9 5 5 7 9 6 7 NS NS NS NS 
42 7 3 3 7 5 3 3 3 9 11 3 7 7 9 8 14 11 13 10 9 
43 4 2 6 7 5 3 4 3 4 3 6 7 6 8 6 8 8 16 7 10 
44 5 2 2 3 4 5 4 6 4 7 4 10 3 10 5 7 3 15 6 13 
45 6 9 6 7 6 5 6 5 6 6 6 7 6 6 7 7 8 13 7 11 
46 0 8 4 10 5 7 5 8 4 5 4 10 7 8 7 13 10 11 8 18 
47 4 4 4 9 6 5 7 7 5 5 4 9 5 11 7 9 7 15 6 12 
48 4 7 6 6 2 2 3 6 5 8 6 6 8 7 6 8 6 16 NS NS 
49 8 2 5 5 5 2 9 3 4 4 5 5 7 7 7 10 NS NS NS NS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 124 
 
Table 48. Non standardized ICRs of normal males 40-49 years of age, in millimetres 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
M40 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 TS TS 3 5 4 11 8 9 5 10 3 4 4 12 5 12 NS NS 9 14 
2 8 12 TS TS TS TS TS TS 8 10 8 11 6 12 8 8 10 18 7 18 
3 5 -7 TS TS 7 4 8 2 9 4 7 6 2 -9 NS NS NS NS NS NS 
4 2 -3 TS TS -7 -1 -3 6 5 11 7 10 8 13 8 14 NS NS NS NS 
5 TS TS TS TS 5 5 4 5 3 5 5 5 6 5 5 7 6 15 9 12 
6 TS TS TS TS 4 7 4 5 6 4 8 4 7 10 6 12 NS NS NS NS 
7 8 -4 4 2 4 8 5 5 6 9 5 10 7 12 8 11 NS NS NS NS 
8 TS TS TS TS TS TS TS TS TS TS TS TS NS NS TS TS NS NS NS NS 
9 TS TS TS TS 5 14 7 13 7 9 5 14 4 6 0 12 NS NS NS NS 
10 TS TS TS TS 3 9 4 3 5 -2 6 2 6 8 4 5 6 14 9 12 
11 TS TS TS TS 4 9 4 5 7 10 6 5 6 15 8 11 NS NS NS NS 
12 5 7 3 7 8 12 5 6 5 12 6 10 7 12 6 12 10 19 7 19 
13 TS TS TS TS 7 7 9 2 6 8 5 7 4 10 4 10 7 18 7 12 
14 10 1 10 1 6 10 6 7 5 9 7 6 6 10 7 12 9 18 10 14 
15 2 7 3 7 9 7 5 6 3 8 6 10 5 16 6 12 9 19 7 19 
16 0 4 5 8 7 5 7 0 7 4 4 4 6 10 6 14 4 11 9 12 
17 TS TS TS TS 6 16 6 14 3 12 4 11 6 12 5 11 NS NS NS NS 
18 TS TS TS TS TS TS TS TS 5 9 1 7 4 11 5 10 NS NS NS NS 
19 TS TS TS TS TS TS TS TS 4 -3 6 4 6 10 6 14 10 13 7 15 
20 7 11 8 14 5 8 4 10 7 11 7 5 6 11 7 13 NS NS NS NS 
21 4 5 TS TS TS TS TS TS 4 7 3 8 5 9 7 8 4 15 6 14 
22 TS TS TS TS 7 12 8 8 TS TS TS TS TS TS TS TS NS NS NS NS 
23 8 4 2 2 1 4 -3 -1 5 14 8 12 NS NS NS NS NS NS NS NS 
24 5 5 3 4 5 9 8 7 10 8 8 11 9 10 11 12 9 10 11 9 
25 TS TS TS TS TS TS TS TS 5 7 5 8 TS TS TS TS TS TS TS TS 
26 TS TS TS TS TS TS TS TS TS TS 4 7 7 1 6 2 7 12 9 14 
27 TS TS TS TS 1 13 5 7 TS TS TS TS TS TS TS TS NS NS NS NS 
28 3 -2 1 -2 6 7 5 7 5 9 5 13 6 10 8 13 9 14 8 14 
29 TS TS TS TS 9 6 5 6 6 5 10 6 11 15 7 9 7 14 8 13 
30 3 6 6 11 6 9 2 6 5 9 6 7 NS NS NS NS NS NS NS NS 
31 4 1 TS TS 9 8 10 2 6 9 8 4 8 5 8 8 8 13 8 13 
32 6 6 TS TS 6 8 11 7 5 10 5 9 5 7 7 6 8 15 5 9 
33 0 7 TS TS 7 10 6 8 7 9 9 11 10 6 9 10 NS NS NS NS 
34 3 7 3 7 7 8 5 10 5 8 11 8 8 14 7 16 10 14 7 17 
35 TS TS TS TS 4 9 4 13 5 10 4 14 6 13 7 14 9 17 7 12 
36 -7 3 -3 5 1 11 -3 7 3 7 5 12 7 12 5 10 9 11 7 12 
37 TS TS 4 0 4 9 6 14 5 11 4 7 7 12 6 14 5 13 8 14 
38 M M 6 5 M M 6 4 M M 0 2 M M NS NS M M 15 11 
39 6 6 M M 7 6 M M 9 7 M M 8 3 M M NS NS M M 
40 10 12 M M 3 10 M M 7 10 M M 10 12 M M 8 13 M M 
41 5 1 M M 7 5 M M 5 9 M M 7 8 M M 9 13 M M 
42 4 2 M M 6 4 M M 7 5 M M 6 6 M M 10 11 M M 
43 3 11 M M 2 10 M M 4 8 M M 6 13 M M 6 16 M M 
44 TS TS M M 6 14 M M 9 14 M M 8 12 M M NS NS M M 
45 2 11 M M 6 9 M M 6 11 M M 7 11 M M 8 15 M M 
46 6 4 M M 5 4 M M 4 4 M M 11 6 M M NS NS M M 
47 2 5 M M 4 8 M M 5 5 M M 4 5 M M 6 -1 M M 
48 M M M M M M M M M M M M M M M M M M M M 
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Table 49. Non standardized ICRs of normal females aged 50-59 years, in millimetres. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
F50 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 4 5 8 8 8 5 8 7 6 7 8 5 8 9 3 10 TS - - - 
2 5 -1 5 5 3 4 3 8 6 7 4 8 6 6 9 7 5 13 9 8 
3 3 6 4 4 7 3 8 5 3 3 4 3 7 7 6 4 NS NS NS NS 
4 5 7 4 3 7 7 6 6 5 10 6 6 TS TS TS TS TS TS TS TS 
5 3 11 5 9 4 9 5 8 6 6 6 7 NS NS NS NS NS NS NS NS 
6 1 2 5 5 4 5 2 3 6 6 7 7 2 10 4 8 5 15 6 13 
7 2 1 4 6 4 7 6 5 7 10 6 8 6 12 5 8 NS NS NS NS 
8 TS TS TS TS 2 9 1 3 5 11 5 8 6 7 7 6 NS NS NS NS 
9 TS TS TS TS 4 8 7 2 4 9 2 8 6 12 6 10 6 17 6 10 
10 TS TS TS TS 5 5 6 10 8 3 6 8 3 10 4 10 10 18 6 13 
11 4 2 6 3 3 1 6 6 5 6 6 7 6 11 3 8 8 13 6 8 
12 6 7 5 4 10 8 7 9 5 12 6 10 TS - 6 14 NS NS NS NS 
13 -7 -5 0 -5 5 6 6 8 7 11 5 6 NS NS NS NS NS NS NS NS 
14 2 -1 5 8 3 6 5 5 5 3 7 5 4 7 3 3 6 11 7 7 
15 4 9 4 7 5 12 4 11 5 7 7 8 8 7 6 3 12 14 NS NS 
16 TS TS 5 12 3 3 6 4 2 4 3 9 3 4 4 5 4 15 6 4 
17 TS TS TS TS -2 10 4 5 4 2 5 3 5 8 5 8 NS NS NS NS 
18 3 5 4 4 3 5 4 4 6 7 4 7 4 10 6 8 TS TS TS TS 
19 TS TS TS TS 6 8 6 3 6 10 4 5 6 7 7 9 9 14 4 11 
20 TS TS 6 3 TS TS 5 4 3 5 6 6 5 6 7 6 9 7 7 7 
21 TS TS TS TS 8 14 TS TS 6 3 6 9 6 9 6 13 6 17 6 11 
22 5 5 5 7 6 1 6 5 5 6 6 8 6 9 5 9 6 11 6 7 
23 3 4 5 4 4 7 4 6 6 3 6 7 TS TS TS TS NS NS NS NS 
24 7 2 6 0 11 9 8 6 7 3 8 9 17 8 9 7 TS TS TS TS 
25 5 7 6 5 7 4 6 6 5 9 7 7 4 6 8 5 TS TS TS TS 
26 10 8 7 4 5 7 6 7 6 7 7 6 6 9 6 10 9 17 8 15 
27 5 7 4 9 6 5 5 6 5 5 6 5 8 10 6 11 NS NS NS NS 
28 6 -2 5 4 7 4 8 4 6 6 6 7 4 9 6 5 7 13 5 7 
29 TS TS TS TS 1 6 3 5 1 5 3 4 NS NS NS NS NS NS NS NS 
30 TS TS TS TS 6 1 6 5 8 8 7 9 TS TS TS TS NS NS NS NS 
31 TS TS 2 2 6 3 3 3 5 3 4 4 5 4 5 4 NS NS NS NS 
32 D D D D D D D D D D D D D D D D D D D D 
33 2 4 6 5 TS TS TS TS 5 6 3 7 6 7 6 7 6 10 6 6 
34 5 2 5 7 7 11 5 5 6 12 6 8 12 7 5 13 TS TS TS TS 
35 TS TS TS TS 5 6 5 8 5 7 5 8 4 8 4 8 NS NS NS NS 
36 TS TS 7 8 TS TS TS TS 4 6 4 8 7 11 5 8 NS NS NS NS 
37 6 3 6 7 6 1 6 5 5 4 6 5 11 11 7 11 7 15 8 14 
38 TS TS TS TS 7 5 5 2 6 2 6 4 6 9 5 6 NS NS NS NS 
39 5 8 5 5 4 2 5 6 6 7 4 8 5 10 5 9 6 17 6 12 
40 4 -1 TS TS 9 10 6 8 TS TS TS TS 7 15 TS TS NS NS NS NS 
41 TS TS TS TS TS TS TS TS 5 10 6 7 NS NS NS NS NS NS NS NS 
42 4 7 TS TS 5 9 6 10 6 5 7 7 9 7 5 6 4 11 3 7 
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Table 50. Non standardized ICRs of normal males aged 50-59 years, in millimetres. 
 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
M50 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 TS TS 13 6 7 10 10 4 9 7 10 8 8 12 8 5 NS NS NS NS 
2 TS TS TS TS 6 3 2 1 7 10 10 8 TS TS TS TS 13 18 NS NS 
3 1 3 1 9 2 8 6 10 6 10 7 10 10 6 7 9 NS NS NS NS 
4 12 12 10 6 TS TS TS TS 6 7 6 5 4 14 6 12 NS NS NS NS 
5 7 13 TS TS 8 10 5 9 7 11 6 10 8 -24 NS NS NS NS NS NS 
6 TS TS 2 13 2 13 8 10 7 9 4 12 5 10 8 10 NS NS 10 10 
7 2 2 3 5 TS TS TS TS 6 11 5 12 5 14 7 10 NS NS NS NS 
8 TS TS TS TS 10 8 8 6 11 6 7 6 6 0 NS NS NS NS NS NS 
9 TS TS TS TS 3 -7 5 3 6 8 5 6 8 4 TS - TS TS NS NS 
10 D D D D D D D D D D D D D D D D D D D D 
11 TS TS 5 15 8 10 7 9 8 6 7 4 8 12 6 9 NS NS NS NS 
12 TS TS 9 6 9 3 8 7 3 7 6 6 5 10 3 4 9 15 8 17 
13 TS TS 2 7 5 8 5 8 4 9 2 9 6 7 5 5 NS NS NS NS 
14 TS TS 7 9 9 5 8 8 7 4 7 6 9 9 8 8 7 15 7 9 
15 TS TS TS TS 3 6 4 6 3 6 5 9 4 4 5 7 8 14 7 10 
16 TS TS TS TS TS TS TS TS 9 5 7 8 6 11 8 7 12 18 NS NS 
17 TS TS 9 2 8 7 6 7 11 10 9 5 TS TS TS TS NS NS NS NS 
18 TS TS TS TS 2 10 5 7 7 4 5 5 5 7 5 6 12 11 8 14 
19 TS TS 2 9 4 10 7 9 8 10 6 8 5 9 8 8 NS NS NS NS 
20 7 0 9 4 5 11 7 10 7 4 7 10 6 9 8 8 11 17 8 9 
21 TS TS TS TS 4 10 5 5 6 11 4 7 9 11 6 10 7 0 5 6 
22 13 15 7 12 8 5 7 10 7 9 8 9 9 12 TS TS 11 18 NS NS 
23 TS TS 8 6 7 6 11 6 9 6 9 7 10 4 10 6 13 15 NS NS 
24 TS TS 4 9 8 1 7 9 8 9 6 12 10 15 8 10 NS NS NS NS 
25 TS TS 9 6 9 9 6 8 7 3 7 6 8 8 6 10 NS NS NS NS 
26 TS TS 5 4 7 6 5 5 4 5 6 7 NS NS TS TS NS NS NS NS 
27 TS TS 5 10 2 10 5 7 6 9 3 8 8 12 9 10 NS NS NS NS 
28 D D D D D D D D D D D D D D D D D D D D 
29 D D D D D D D D D D D D D D D D D D D D 
30 TS TS TS TS 7 8 7 5 9 13 6 6 8 13 TS TS 14 13 8 10 
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Appendix B: Standardized ICRs. Tables 51 to 56. 
 
 
Table 51. Standardized ICRs of normal females 30-39 years of age. Subjects 4, 25, 30, 31, 32, 33 
are missing or too small to measure (no units). 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
F30 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 4 5 5 2 5 10 5 8 5 8 5 9 9 11 6 9 NS NS 6 9 
factor 14 11 14 10 14 11 12 10 13 11 12 8 13 11 12 9   13 9 
sICR 0.29 0.45 0.36 0.2 0.36 0.91 0.42 0.8 0.38 0.73 0.42 1.13 0.69 1.00 0.50 1.00   0.46 1.00 
2 4 -2 TS TS 5 3 6 1 3 5 5 7 8 9 5 8 TS TS TS TS 
factor 14 11   13 10 12 10 13 11 13 10 14 10 12 10     
sICR 0.29 0.18   0.38 0.30 0.50 0.10 0.23 0.45 0.38 0.70 0.57 0.90 0.42 0.80     
3 5 -1 3 5 3 4 4 5 4 8 5 7 5 8 5 8 8 12 6 8 
factor 14 9 15 9 12 8 13 7 12 7 12 7 13 9 12 9 13 12 13 11 
sICR 0.36 0.11 0.20 0.56 0.25 0.50 0.31 0.71 0.25 1.14 0.42 1.00 0.38 0.89 0.42 0.89 0.62 1.00 0.46 0.73 
5 2 6 TS TS 8 -3 5 1 4 3 8 4 7 8 8 8 NS NS NS NS 
factor 17 13   17 12 19 13 18 13 17 12 18 11 18 12     
sICR 0.12 0.46   0.47 0.25 0.26 0.08 0.22 0.23 0.47 0.25 0.39 0.73 0.44 0.67     
6 6 1 2 6 2 3 3 3 3 4 4 7 6 9 4 5 6 12 8 12 
factor 14 13 14 12 15 12 15 11 14 12 14 11 16 13 15 12 18 13 16 13 
sICR 0.43 0.08 0.14 0.50 0.13 0.25 0.20 0.27 0.21 0.25 0.29 0.64 0.38 0.69 0.27 0.42 0.33 0.92 0.50 0.92 
7 TS TS TS TS 1 5 6 6 5 9 4 5 NS NS NS NS NS NS NS NS 
factor     15 13 15 11 16 12 14 11         
sICR     0.07 0.38 0.40 0.55 0.31 0.75 0.29 0.45         
8 9 4 9 6 2 -2 4 4 7 -6 8 -5 NS NS NS NS NS NS NS NS 
factor 18 11 18 11 19 10 19 10 18 11 18 9         
sICR 0.50 0.36 0.50 0.55 0.11 0.20 0.21 0.40 0.39 0.55 0.44 0.55         
9 6 1 6 4 4 9 6 3 8 3 9 6 4 1 3 5 14 15 8 9 
factor 16 10 16 11 16 9 16 10 16 10 16 11 17 12 17 13 17 13 17 14 
sICR 0.38 0.10 0.38 0.36 0.25 1.00 0.38 0.30 0.50 0.30 0.56 0.55 0.24 0.08 0.18 0.38 0.82 1.15 0.47 0.64 
10 4 7 7 6 6 8 3 10 12 11 10 8 11 10 10 14 8 16 7 12 
factor 16 11 16 11 16 11 16 12 17 10 16 10 18 10 17 10 16 15 16 14 
sICR 0.25 0.64 0.48 0.55 0.38 0.73 0.19 0.83 0.71 1.10 0.63 0.80 0.61 1.00 0.59 1.40 0.50 1.07 0.44 0.86 
11 M M 8 8 9 9 6 5 9 9 8 8 10 10 8 6 NS NS NS NS 
factor   16 12 17 12 17 12 18 11 19 10 21 11 20 11     
sICR   0.50 0.67 0.53 0.75 0.35 0.42 0.50 0.81 0.42 0.80 0.48 0.91 0.40 0.55     
12 2 1 5 6 7 11 5 10 5 10 5 11 NS NS 8 12 NS NS NS NS 
factor 15 13 15 13 15 12 15 12 16 13 16 12   18 12     
sICR 0.13 0.08 0.33 0.46 0.47 0.92 0.33 0.83 0.31 0.77 0.31 0.92   0.44 1.00     
13 3 6 4 5 8 11 5 11 3 7 6 11 8 16 6 11 9 14 10 14 
factor 18 12 18 12 19 12 19 12 18 12 18 12 19 11 18 10 19 13 18 13 
sICR 0.17 0.50 0.22 0.42 0.42 0.92 0.26 0.92 0.17 0.58 0.33 0.92 0.42 1.45 0.33 1.1 0.47 1.08 0.56 1.08 
14 8 -2 8 0 2 6 0 -2 8 1 5 3 4 6 8 4 NS NS 7 10 
factor 16 11 16 10 16 11 16 9 17 11 16 10 18 13 16 10   18 10 
sICR 0.50 0.18 0.50 0.10 0.13 0.55 0.06 0.22 0.47 0.09 0.31 0.30 0.22 0.46 0.50 0.40   0.39 1.00 
15 1 10 5 8 8 10 7 7 6 11 6 9 6 11 6 13 7 14 7 17 
factor 16 13 16 13 15 13 16 13 15 12 15 12 15 12 15 11 17 13 15 12 
sICR 0.06 0.77 0.31 0.62 0.53 0.77 0.43 0.54 0.40 0.92 0.40 0.75 0.40 0.92 0.40 1.18 0.41 1.08 0.47 1.42 
16 TS TS TS TS 3 6 3 5 4 7 7 10 6 10 6 9 NS NS NS NS 
factor     16 11 16 11 15 11 14 11 15 11 15 10     
sICR     0.19 0.55 0.19 0.45 0.27 0.64 0.50 0.91 0.40 0.91 0.40 0.9     
17 4 5 3 2 4 4 4 3 4 7 3 2 5 3 4 7 7 11 7 12 
factor 14 10 14 10 13 10 14 10 13 9 13 10 14 11 14 11 15 12 16 13 
sICR 0.29 0.50 0.21 0.20 0.31 0.40 0.29 0.30 0.31 0.78 0.23 0.20 0.36 0.27 0.29 0.64 0.47 0.92 0.44 0.92 
18 TS TS 5 -2 4 5 4 6 3 5 3 2 7 7 5 10 5 13 7 12 
factor   13 10 13 9 13 9 13 9 12 8 14 9 13 9 15 12 14 11 
sICR   0.38 0.20 0.31 0.56 0.31 0.67 0.23 0.56 0.25 0.25 0.50 0.78 0.38 1.11 0.33 1.08 0.50 1.09 
19 -2 3 3 -1 6 4 7 1 3 3 1 4 7 3 10 0 NS NS NS NS 
factor 19 13 19 13 19 13 18 12 19 13 19 12 19 13 19 12     
sICR 0.11 0.23 0.16 0.08 0.32 0.31 0.39 0.08 0.16 0.23 0.05 0.25 0.39 0.23 0.53 0.08     
20 TS TS TS TS 4 8 7 7 8 4 8 8 9 8 7 13 NS NS 11 8 
factor     18 11 18 11 18 11 18 10 19 10 19 11   19 11 
sICR     0.22 0.73 0.39 0.64 0.44 0.36 0.44 0.80 0.47 0.80 0.39 1.18   0.58 0.73 
21 4 4 1 3 3 4 4 4 2 1 2 1 4 10 4 7 NS NS 10 11 
factor 13 12 13 12 12 11 12 11 12 12 11 11 14 11 13 12   14 12 
sICR 0.31 0.25 0.08 0.25 0.25 0.36 0.25 0.36 0.17 0.08 0.18 0.09 0.29 0.91 0.31 0.58   0.71 0.91 
22 5 2 6 2 4 1 5 6 5 7 6 10 7 9 6 13 7 15 8 15 
factor 15 8 15 8 14 8 15 8 14 8 14 7 15 8 14 9 16 11 15 10 
sICR 0.33 0.25 0.40 0.25 0.29 0.13 0.33 0.75 0.36 0.88 0.43 1.43 0.47 1.13 0.43 1.44 0.44 1.36 0.53 1.50 
23 8 8 5 7 1 6 4 9 5 9 6 11 6 13 6 10 6 10 5 9 
factor 18 13 17 13 17 13 17 13 16 12 15 12 17 12 16 11 18 13 17 13 
sICR 0.44 0.62 0.29 0.54 0.06 0.46 0.24 0.69 0.31 0.75 0.40 0.92 0.36 1.08 0.38 0.91 0.33 0.77 0.29 0.69 
24 5 6 8 5 4 7 6 10 8 10 6 9 7 9 6 11 9 11 8 11 
factor 16 11 16 11 16 11 16 11 16 11 16 10 16 11 15 10 17 13 17 14 
sICR 0.31 0.55 0.50 0.45 0.25 0.64 0.38 0.91 0.50 0.91 0.38 0.90 0.44 0.82 0.40 1.10 0.53 0.85 0.47 0.79 
26 3 1 0 -4 3 8 4 6 6 8 5 7 6 9 5 10 NS NS 7 8 
factor 15 12 15 12 15 12 15 11 15 11 15 11 16 11 16 10   17 10 
sICR 0.20 0.08 0.06 0.25 0.20 0.67 0.27 0.55 0.40 0.73 0.33 0.64 0.38 0.82 0.31 1.00   0.41 0.80 
27 2 2 6 3 5 0 2 4 6 7 9 6 7 7 7 7 6 16 10 17 
factor 15 12 15 12 15 12 15 12 15 11 15 11 16 11 15 11 18 14 17 13 
sICR 0.13 0.17 0.40 0.25 0.33 0.08 0.13 0.25 0.40 0.64 0.60 0.55 0.44 0.64 0.47 0.64 0.33 1.14 0.59 1.31 
28 TS TS TS TS 3 1 3 -2 4 3 1 1 4 7 6 10 6 11 6 12 
factor     13 11 13 10 14 10 13 10 14 10 14 10 14 11 14 12 
sICR     0.23 0.09 0.23 0.20 0.29 0.30 0.08 0.10 0.29 0.70 0.43 1.00 0.43 1.00 0.43 1.00 
29 7 5 6 0 4 9 4 3 5 8 7 7 8 8 6 8 NS NS 9 15 
factor 15 11 15 11 14 11 14 10 14 12 13 11 15 11 15 11   16 13 
sICR 0.47 0.45 0.40 0.09 0.29 0.81 0.29 0.30 0.38 0.67 0.54 0.64 0.53 0.73 0.40 0.73   0.56 1.15 
34 3 5 4 6 5 5 5 8 5 9 4 10 4 7 8 9 8 12 15 10 
factor 14 11 14 10 13 11 14 10 12 12 13 11 15 12 15 12 16 12 16 12 
sICR 0.21 0.45 0.29 0.60 0.38 0.45 0.36 0.80 0.42 0.75 0.31 0.91 0.27 0.58 0.53 0.75 0.50 1.00 0.94 0.83 
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Table 52. Standardized ICRs of normal males 30-39 years of age (no units). Subjects 3, 4, 8, 11, 15, 
16, 17, 18, 19, 24, 25 missing or too small to measure. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
M30 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 TS TS TS TS 8 7 7 2 TS TS TS TS 11 8 9 15 8 18 10 21 
Factor     18 14 19 13     19 13 19 13 18 16 19 15 
sICR     0.44 0.50 0.37 0.15     0.58 0.62 0.47 1.15 0.44 1.13 0.53 1.40 
2 6 5 5 3 9 9 8 10 4 11 3 9 NS NS NS NS NS NS NS NS 
Factor 17 14 16 13 17 11 17 11 16 11 15 10         
sICR 0.35 0.36 0.31 0.23 0.53 0.82 0.47 0.90 0.25 1.00 0.2 0.90         
5 6 7 7 5 6 9 8 14 5 10 4 7 7 16 5 12 9 14 6 18 
Factor 18 14 17 14 16 14 17 13 18 13 17 13 19 14 18 12 20 15 19 16 
sICR 0.33 0.50 0.41 0.36 0.38 0.64 0.47 1.08 0.28 0.77 0.24 0.54 0.37 1.14 0.28 1.00 0.45 0.93 0.32 1.13 
6 TS TS TS TS 5 8 3 13 6 12 6 14 TS TS TS TS NS NS NS NS 
Factor     18 10 19 10 16 12 15 12         
sICR     0.28 0.80 0.16 1.30 0.38 1.00 0.40 1.17         
7 TS TS TS TS 6 8 4 1 5 8 7 14 7 15 9 14 NS NS NS NS 
Factor     17 13 17 13 18 13 17 13 18 14 17 13     
sICR     0.35 0.62 0.24 0.08 0.28 0.62 0.41 1.08 0.39 1.07 0.53 1.08     
9 TS TS 5 6 7 12 6 13 7 13 7 10 6 8 9 6 12 13 10 13 
Factor   16 15 16 12 16 12 16 13 15 12 18 12 17 12 19 14 19 14 
sICR   0.31 0.40 0.44 1.00 0.38 1.08 0.44 1.00 0.47 0.83 0.33 0.67 0.53 0.50 0.63 0.93 0.53 0.93 
10 TS TS TS TS 4 7 6 13 3 7 7 7 2 11 5 7 NS NS 4 11 
Factor     16 12 16 11 16 10 17 10 16 12 17 11   17 13 
sICR     0.25 0.58 0.38 1.18 0.19 0.70 0.41 0.70 0.13 0.92 0.29 0.64   0.24 0.85 
12 5 7 6 9 8 12 8 9 5 12 5 13 7 12 8 15 10 19 6 18 
Factor 20 15 20 15 18 15 17 15 18 14 16 14 19 12 19 12 20 16 19 15 
sICR 0.25 0.47 0.30 0.60 0.44 0.80 0.47 0.60 0.28 0.86 0.32 0.93 0.37 1.00 0.42 1.25 0.50 1.19 0.32 1.20 
13 6 7 6 5 2 7 6 4 5 11 3 10 6 14 6 13 5 15 6 16 
Factor 16 11 17 11 15 11 14 11 14 11 15 10 15 11 15 11 17 12 17 12 
sICR 0.38 0.64 0.35 0.45 0.13 0.64 0.43 0.36 0.36 1.00 0.20 1.00 0.40 1.27 0.40 1.18 0.29 1.25 0.35 1.33 
14 TS TS 4 7 5 4 6 6 7 3 7 5 7 9 9 8 9 12 6 8 
Factor   17 14 17 13 17 13 17 13 17 13 18 13 18 13 18 15 18 15 
sICR   0.24 0.50 0.29 0.31 0.35 0.46 0.41 0.23 0.41 0.38 0.39 0.69 0.20 0.62 0.50 0.80 0.33 0.53 
20 TS TS TS TS 9 3 5 7 5 7 9 10 7 11 8 14 NS NS NS NS 
Factor     18 14 19 15 16 14 19 15 17 13 18 14     
sICR     0.50 0.21 0.26 0.46 0.31 0.50 0.47 0.67 0.41 0.85 0.44 1     
21 TS TS TS TS 4 7 4 1 5 5 4 6 6 4 6 8 5 12 5 8 
Factor     15 8 15 8 14 9 14 8 15 9 15 9 16 11 17 10 
sICR     0.27 0.88 0.27 0.13 0.36 0.56 0.29 0.75 0.40 0.44 0.40 0.89 0.31 1.09 0.29 0.80 
22 TS TS TS TS 7 -2 4 0 8 7 5 7 4 3 4 5 NS NS 9 16 
Factor     15 12 16 13 17 12 16 12 18 11 18 10   19 13 
sICR     0.47 0.17 0.25 0.08 0.47 0.58 0.31 0.58 0.22 0.27 0.22 0.5   0.47 1.23 
23 6 9 8 9 6 13 5 12 5 11 7 11 7 15 7 14 6 17 5 16 
Factor 16 13 17 12 16 13 15 13 16 14 16 14 17 15 16 14 19 17 18 15 
sICR 0.38 0.69 0.47 0.75 0.38 1.00 0.33 0.92 0.31 0.79 0.44 0.79 0.41 1.00 0.44 1.00 0.32 1.00 0.28 1.07 
26 TS TS TS TS 7 7 5 5 5 6 8 9 6 9 8 7 NS NS NS NS 
Factor     15 14 16 15 15 13 16 14 18 13 16 14     
sICR     0.47 0.50 0.31 0.33 0.33 0.46 0.50 0.64 0.33 0.69 0.50 0.50     
27 9 -1 5 4 7 5 6 3 5 8 7 8 8 16 7 12 NS NS NS NS 
Factor 15 12 16 12 16 11 16 11 15 10 17 11 17 12 17 12     
sICR 0.60 0.08 0.31 0.33 0.44 0.45 0.38 0.27 0.33 0.80 0.41 0.73 0.47 1.33 0.41 1.00     
28 2 -4 TS TS 5 6 4 0 5 11 5 13 8 13 7 10 NS NS 7 14 
Factor 17 12   18 11 18 10 17 12 17 12 18 13 17 13   18 13 
sICR 0.12 0.33   0.28 0.55 0.22 0.10 0.29 0.91 0.29 1.08 0.44 1.00 0.41 0.77   0.39 1.08 
29 TS TS 5 1 5 10 5 12 7 7 6 9 8 1 10 3 9 7 10 10 
Factor   17 15 16 12 16 11 18 9 17 9 19 9 20 9 19 11 19 11 
sICR   0.29 0.07 0.31 0.83 0.31 1.09 0.39 0.78 0.35 1.00 0.50 0.11 0.50 0.33 0.47 0.64 0.53 0.91 
30 TS TS 2 5 5 9 9 12 8 11 6 9 7 9 6 7 NS NS 12 17 
Factor   17 14 17 13 17 12 18 12 18 13 18 15 17 13   18 14 
sICR   0.12 0.36 0.29 0.69 0.53 1.00 0.44 0.92 0.33 0.69 0.39 0.60 0.35 0.54   0.67 1.21 
31 8 5 3 2 5 9 6 6 6 10 6 11 7 12 7 12 7 14 6 15 
Factor 18 12 17 12 17 12 18 12 16 11 16 11 16 11 16 10 17 14 16 12 
sICR 0.44 0.42 0.18 0.17 0.29 0.75 0.33 0.50 0.38 0.91 0.38 1.00 0.44 1.09 0.44 1.20 0.41 1.00 0.38 1.25 
32 TS TS TS TS 3 8 3 4 3 1 3 4 NS NS 7 10 NS NS NS NS 
Factor     14 14 15 14 15 14 15 14   16 14     
sICR     0.21 0.57 0.20 0.29 0.20 0.07 0.20 0.29   0.44 0.71     
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Table 53. Standardized ICRs of normal females 40-49 years of age (no units). Subjects 4, 12, 14, 20, 24, 26, 
28, 29, 30, 31, 32, 33 missing or too small to measure. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
F40 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 3 6 5 10 3 4 6 3 5 4 2 3 4 6 7 9 NS NS NS NS 
factor 13 14 12 10 13 13 13 12 13 13 13 12 16 14 15 11     
sICR 0.23 0.43 0.42 1.00 0.23 0.31 0.46 0.25 0.38 0.31 0.15 0.25 0.25 0.43 0.47 0.82     
2 5 10 3 13 7 7 7 9 3 10 4 9 NS NS NS NS NS NS NS NS 
factor 17 13 16 14 17 13 15 11 17 13 16 10         
sICR 0.29 0.77 0.19 0.93 0.41 0.54 0.47 0.82 0.18 0.77 0.25 0.90         
3 TS TS TS TS 5 5 5 9 6 9 5 10 7 8 7 8 NS NS NS NS 
factor     17 11 17 11 17 11 16 10 18 12 15 10     
sICR     0.29 0.45 0.29 0.82 0.35 0.82 0.31 1.00 0.39 0.67 0.47 0.80     
5 5 0 5 5 6 3 6 3 6 4 5 5 8 7 10 10 10 18 13 13 
factor 16 12 15 10 17 11 16 10 17 11 17 10 18 12 17 11 19 13 17 11 
sICR 0.31 0.08 0.33 0.50 0.35 0.27 0.38 0.30 0.35 0.36 0.29 0.50 0.44 0.58 0.59 0.91 0.53 1.38 0.76 1.18 
6 10 10 TS TS 3 3 4 7 7 7 9 3 6 13 8 12 NS NS NS NS 
factor 17 13   17 12 16 11 16 12 15 11 18 14 16 12     
sICR 0.59 0.77   0.18 0.25 0.25 0.64 0.44 0.58 0.60 0.27 0.33 0.93 0.50 1.00     
7 5 -2 3 3 5 2 4 8 6 7 3 3 6 10 5 10 NS NS NS NS 
factor 15 12 15 10 15 13 14 11 15 12 14 10 15 11 14 10     
sICR 0.33 0.17 0.20 0.30 0.33 0.15 0.29 0.73 0.40 0.58 0.21 0.30 0.40 0.91 0.36 1     
8 3 10 5 10 5 10 4 11 6 11 5 10 9 11 6 8 NS NS NS NS 
factor 18 12 17 12 18 13 17 12 18 12 18 11 18 14 18 13     
sICR 0.17 0.83 0.29 0.83 0.28 0.77 0.24 0.92 0.33 0.92 0.28 0.91 0.50 0.79 0.33 0.62     
9 TS TS TS TS 4 6 6 7 7 9 5 3 8 10 NS NS 17 -6 NS NS 
factor     15 9 14 8 16 9 14 7 19 9   18 10   
sICR     0.27 0.67 0.43 0.88 0.44 1.00 0.36 0.43 0.42 1.11   0.94 0.60   
10 7 3 4 7 5 7 5 8 4 9 4 7 6 11 6 15 NS NS NS NS 
factor 16 12 16 11 16 10 15 10 15 11 16 10 15 12 15 10     
sICR 0.44 0.25 0.25 0.64 0.31 0.70 0.33 0.80 0.27 0.82 0.25 0.70 0.40 0.92 0.40 1.50     
11 TS TS 5 7 7 3 7 3 5 6 5 7 8 7 8 5 9 9 9 12 
factor   15 12 17 11 16 10 17 10 16 9 17 10 15 10 17 12 16 12 
sICR   0.33 0.58 0.41 0.27 0.44 0.30 0.29 0.60 0.31 0.78 0.47 0.70 0.53 0.50 0.53 0.75 0.56 1.00 
13 5 6 6 7 4 8 6 5 7 8 6 7 5 8 7 10 10 15 8 9 
factor 14 10 14 9 14 10 13 8 14 9 13 8 16 10 15 8 17 12 17 11 
sICR 0.36 0.60 0.43 0.78 0.29 0.80 0.46 0.63 0.50 0.89 0.46 0.88 0.31 0.80 0.47 1.25 0.59 1.25 0.47 0.82 
15 8 2 4 6 1 8 3 10 6 6 4 6 6 10 4 9 NS NS 3 12 
factor 15 12 15 10 14 10 14 10 14 11 13 10 16 12 15 11   15 12 
sICR 0.53 0.17 0.27 0.60 0.07 0.80 0.21 1.00 0.43 0.55 0.31 0.60 0.38 0.83 0.27 0.82   0.20 1.00 
16 5 1 3 5 6 3 7 4 6 5 5 9 4 8 4 6 7 11 8 14 
factor 16 10 16 10 16 11 15 9 16 11 15 10 15 11 15 11 16 12 14 10 
sICR 0.31 0.10 0.19 0.50 0.38 0.27 0.47 0.44 0.38 0.45 0.33 0.90 0.27 0.73 0.27 0.55 0.44 0.92 0.57 1.40 
17 4 9 4 8 2 10 2 5 5 8 4 8 5 10 7 8 NS NS 7 14 
factor 14 10 14 9 13 10 13 9 14 9 12 9 15 9 14 9   15 10 
sICR 0.29 0.90 0.29 0.89 0.15 1.00 0.15 0.55 0.36 0.89 0.25 0.89 0.33 1.11 0.50 0.89   0.47 1.40 
18 2 4 2 0 4 3 3 9 5 5 2 10 6 8 7 6 8 10 6 16 
factor 16 11 17 12 15 11 15 11 15 11 15 10 16 12 16 10 18 12 16 12 
sICR 0.13 0.36 0.12 0.08 0.27 0.27 0.20 0.82 0.33 0.45 0.13 1.00 0.38 0.67 0.44 0.60 0.44 0.83 0.38 1.33 
19 8 14 3 9 4 8 4 4 5 8 3 9 5 5 5 7 6 10 7 11 
factor 16 10 14 10 15 11 14 10 15 11 14 11 15 12 16 11 17 12 16 11 
sICR 0.50 1.40 0.21 0.90 0.27 0.73 0.29 0.40 0.33 0.73 0.21 0.82 0.33 0.50 0.31 0.64 0.35 0.83 0.44 1.00 
21 5 7 6 5 4 1 2 6 0 0 5 7 7 6 5 7 6 7 5 12 
factor 15 10 16 13 16 10 16 10 15 11 17 10 15 11 15 10 16 13 17 13 
sICR 0.33 0.70 0.38 0.38 0.25 0.10 0.06 0.60 0.07 0.09 0.29 0.70 0.47 0.55 0.33 0.70 0.38 0.54 0.29 0.92 
22 3 3 5 7 6 8 7 5 5 9 5 9 7 9 7 10 9 11 6 11 
factor 15 10 15 10 15 10 16 10 15 10 15 10 16 11 16 10 16 13 15 12 
sICR 0.20 0.30 0.33 0.70 0.40 0.80 0.43 0.50 0.33 0.90 0.33 0.90 0.44 0.82 0.44 1.00 0.56 0.85 0.40 0.92 
23 5 4 6 9 6 1 2 5 5 7 6 9 TS TS TS TS NS NS NS NS 
factor 15 11 15 10 15 12 15 11 16 11 16 9         
sICR 0.33 0.36 0.40 0.90 0.40 0.08 0.13 0.45 0.31 0.64 0.38 1.00         
25 1 8 7 2 5 9 5 7 7 7 7 2 10 5 6 8 9 9 6 12 
factor 16 13 16 11 17 11 17 11 16 11 16 11 17 11 17 10 17 13 16 12 
sICR 0.06 0.62 0.44 0.18 0.29 0.82 0.29 0.64 0.44 0.64 0.44 0.18 0.59 0.45 0.35 0.80 0.53 0.69 0.38 1.00 
27 6 6 7 7 5 8 6 8 7 9 7 7 10 -1 TS TS 4 12 NS NS 
factor 19 14 18 13 17 14 16 13 17 15 17 13 19 15   20 16   
sICR 0.32 0.43 0.39 0.54 0.29 0.57 0.38 0.62 0.41 0.60 0.41 0.54 0.53 0.70   0.20 0.75   
34 TS TS TS TS 9 9 6 3 5 6 7 6 5 8 6 7 5 12 6 13 
factor     15 10 14 10 14 10 14 10 14 10 15 9 16 12 15 10 
sICR     0.60 0.90 0.43 0.30 0.36 0.60 0.50 0.60 0.36 0.80 0.40 0.78 0.31 1.00 0.40 1.30 
35 4 3 4 5 4 3 5 8 4 5 4 5 7 6 7 7 NS NS NS NS 
factor 16 9 16 10 15 10 15 10 14 10 14 10 15 10 15 9     
sICR 0.25 0.33 0.25 0.50 0.27 0.30 0.33 0.80 0.29 0.50 0.29 0.50 0.47 0.60 0.47 0.78     
36 3 2 5 4 4 6 4 5 4 3 5 4 7 7 6 10 8 13 6 8 
factor 15 12 17 13 15 12 15 12 14 11 15 10 15 12 15 11 16 12 15 12 
sICR 0.20 0.17 0.29 0.31 0.27 0.50 0.27 0.42 0.29 0.27 0.33 0.40 0.47 0.58 0.40 0.91 0.50 1.08 0.40 0.67 
37 5 13 7 8 7 12 6 12 5 11 7 8 4 9 8 11 4 10 4 7 
factor 16 12 16 11 15 12 15 11 15 12 15 11 16 10 15 9 17 11 15 9 
sICR 0.31 1.08 0.43 0.73 0.47 1.00 0.40 1.09 0.33 0.92 0.47 0.73 0.25 0.90 0.53 1.22 0.24 0.91 0.27 0.78 
38 1 4 6 9 7 9 6 5 5 6 6 9 12 -1 NS NS 9 11 NS NS 
factor 15 10 15 9 14 10 14 10 14 10 15 9 15 10   15 14   
sICR 0.70 0.40 0.40 1.00 0.50 0.90 0.43 0.50 0.36 0.60 0.40 1.00 0.80 0.10   0.60 0.79   
39 3 8 5 11 5 6 5 7 4 7 5 11 5 10 5 12 8 17 7 15 
factor 13 12 13 13 17 11 13 11 12 12 12 10 14 11 14 11 15 13 14 12 
sICR 0.23 0.67 0.38 0.85 0.29 0.55 0.38 0.64 0.25 0.58 0.42 1.10 0.36 0.91 0.36 1.09 0.53 1.31 0.50 1.25 
40 -2 13 3 9 -3 2 1 7 NS NS NS NS NS NS NS NS NS NS NS NS 
factor 16 15 16 14 15 14 15 13             
sICR 0.13 0.87 0.19 0.64 0.20 0.14 0.07 0.54             
41 2 2 5 5 6 5 5 10 6 9 5 5 7 9 6 7 NS NS NS NS 
factor 15 12 15 11 14 10 15 11 15 10 14 10 15 11 14 10     
sICR 0.13 0.17 0.33 0.45 0.43 0.50 0.33 0.91 0.40 0.90 0.36 0.50 0.47 0.82 0.43 0.70     
42 7 3 3 7 5 3 3 3 9 11 3 7 7 9 8 14 11 13 10 9 
factor 18 17 19 17 18 16 19 15 18 15 18 14 20 14 20 14 23 16 23 15 
sICR 0.39 0.18 0.16 0.41 0.28 0.19 0.16 0.20 0.50 0.73 0.17 0.50 0.35 0.64 0.40 1.00 0.48 0.81 0.43 0.60 
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43 4 2 6 7 5 3 4 3 4 3 6 7 6 8 6 8 8 16 7 10 
factor 15 10 15 10 14 11 14 11 14 11 14 11 15 11 15 11 17 13 16 12 
sICR 0.27 0.20 0.40 0.70 0.36 0.27 0.29 0.27 0.29 0.27 0.43 0.64 0.40 0.73 0.40 0.73 0.47 1.23 0.44 0.83 
44 5 2 2 3 4 5 4 6 4 7 4 10 3 10 5 7 3 15 6 13 
factor 14 11 14 10 12 10 11 9 12 10 12 10 11 11 11 10 13 12 13 11 
sICR 0.36 0.18 0.14 0.30 0.33 0.50 0.36 0.67 0.33 0.70 0.33 1.00 0.27 0.91 0.45 0.70 0.23 1.25 0.46 1.18 
45 6 9 6 7 6 5 6 5 6 6 6 7 6 6 7 7 8 13 7 11 
factor 15 10 16 10 15 9 15 10 15 11 15 10 15 11 14 11 16 13 16 13 
sICR 0.40 0.90 0.38 0.70 0.40 0.56 0.40 0.50 0.40 0.55 0.40 0.70 0.40 0.55 0.50 0.64 0.50 1.00 0.44 0.85 
46 0 8 4 10 5 7 5 8 4 5 4 10 7 8 7 13 10 11 8 18 
factor 15 11 14 11 14 10 15 11 15 11 14 10 16 11 15 10 18 14 17 12 
sICR 0.07 0.73 0.29 0.91 0.36 0.70 0.33 0.73 0.27 0.45 0.29 1.00 0.44 0.73 0.47 1.30 0.56 0.79 0.47 1.50 
47 4 4 4 9 6 5 7 7 5 5 4 9 5 11 7 9 7 15 6 12 
factor 14 11 15 10 14 11 15 10 15 11 15 10 16 11 16 11 17 12 16 12 
sICR 0.29 0.36 0.27 0.90 0.43 0.45 0.47 0.70 0.33 0.45 0.27 0.90 0.31 1.00 0.44 0.82 0.41 1.25 0.38 1.00 
48 4 7 6 6 2 2 3 6 5 8 6 6 8 7 6 8 6 16 NS NS 
factor 14 11 15 10 14 11 14 10 14 11 14 10 14 11 14 10 16 12   
sICR 0.29 0.64 0.40 0.60 0.14 0.18 0.21 0.60 0.36 0.73 0.43 0.60 0.57 0.64 0.43 0.80 0.38 1.33   
49 8 2 5 5 5 2 9 3 4 4 5 5 7 7 7 10 NS NS NS NS 
factor 18 12 17 11 18 12 18 11 19 12 18 10 19 11 19 10     
sICR 0.44 0.17 0.29 0.45 0.28 0.17 0.50 0.27 0.21 0.33 0.28 0.50 0.37 0.64 0.37 1.00     
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Table 54. Standardized ICRs of normal males 40-49 years of age (no units). Subjects 8, 9 and 39-48 
missing or too small to measure. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
M40 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 TS TS 3 5 4 11 8 9 5 10 3 4 4 12 5 12 NS NS 9 14 
factor   18 12 16 11 17 12 16 11 16 10 16 12 16 13   18 15 
sICR   0.17 0.42 0.25 1.00 0.47 0.75 0.31 0.91 0.19 0.40 0.25 1.00 0.31 0.92   0.50 0.93 
2 8 12 TS TS TS TS TS TS 8 10 8 11 6 12 8 8 10 18 7 18 
factor 19 14       19 15 19 15 19 15 18 14 20 15 20 15 
sICR 0.42 0.86       0.42 0.67 0.42 0.73 0.32 0.80 0.44 0.57 0.50 1.20 0.35 1.20 
3 5 -7 TS TS 7 4 8 2 9 4 7 6 2 -9 NS NS NS NS NS NS 
factor 19 16   19 13 19 13 20 14 19 13 21 14       
sICR 0.26 0.43   0.36 0.31 0.42 0.15 0.45 0.29 0.37 0.46 0.10 0.64       
4a 2 -3 TS TS -7 -1 -3 6 5 11 7 10 8 13 8 14 NS NS NS NS 
factor 19 13   17 13 17 12 18 12 16 11 19 16 17 14     
sICR 0.11 0.23   0.41 0.8 0.18 0.5 0.28 0.92 0.44 0.91 0.42 0.81 0.47 1     
5 TS TS TS TS 5 5 4 5 3 5 5 5 6 5 5 7 6 15 9 12 
factor     14 9 14 10 14 10 14 9 15 11 15 10 18 12 18 11 
sICR     0.36 0.56 0.29 0.50 0.21 0.50 0.36 0.56 0.40 0.45 0.33 0.70 0.33 1.25 0.50  
6 TS TS TS TS 4 7 4 5 6 4 8 4 7 10 6 12 NS NS NS NS 
factor     16 14 16 14 17 12 17 12 17 12 17 12     
sICR     0.25 0.50 0.25 0.36 0.35 0.33 0.47 0.33 0.41 0.83 0.35 1.00     
7 8 -4 4 2 4 8 5 5 6 9 5 10 7 12 8 11 NS NS NS NS 
factor 16 12 15 12 16 10 16 10 16 11 16 11 17 10 18 10     
sICR 0.50 0.33 0.27 0.17 0.25 0.80 0.31 0.50 0.38 0.82 0.31 0.91 0.41 1.20 0.44 1.10     
8 TS TS TS TS TS TS TS TS TS TS TS TS NS NS TS TS NS NS NS NS 
9 TS TS TS TS 5 14 7 13 7 9 5 14 4 6 0 12 NS NS NS NS 
factor     17 15 17 14 16 14 15 14 19 13 20 12     
sICR     0.29 0.93 0.41 0.93 0.43 0.64 0.33 1.00 0.21 0.46 0.05 1.00     
10 TS TS TS TS 3 9 4 3 5 -2 6 2 6 8 4 5 6 14 9 12 
factor     15 12 14 11 15 12 14 11 18 11 17 10 18 13 17 12 
sICR     0.20 0.75 0.29 0.27 0.33 0.17 0.42 0.18 0.33 0.72 0.23 0.50 0.33 1.08 0.53 1.00 
11 TS TS TS TS 4 9 4 5 7 10 6 5 6 15 8 11 NS NS NS NS 
factor     18 11 17 10 18 11 17 9 18 10 17 8     
sICR     0.22 0.81 0.24 0.50 0.39 0.91 0.35 0.56 0.33 1.5 0.47 1.38     
12 5 7 3 7 8 12 5 6 5 12 6 10 7 12 6 12 10 19 7 19 
factor M M M M M M M M M M M M M M M M M M M M 
sICR                     
13 TS TS TS TS 7 7 9 2 6 8 5 7 4 10 4 10 7 18 7 12 
factor     M M 17 13 M M 17 12 M M 18 10 M M 18 13 
sICR       0.53 0.15   0.29 0.58   0.22 1.00   0.39 0.92 
14 10 1 10 1 6 10 6 7 5 9 7 6 6 10 7 12 9 18 10 14 
factor 15 14 15 13 16 13 15 12 16 11 15 11 16 12 15 11 18 13 18 13 
sICR 0.67 0.07 0.08 0.08 0.38 0.77 0.40 0.58 0.31 0.82 0.47 0.55 0.38 0.83 0.47 1.09 0.50 1.38 0.56 1.08 
15 2 7 3 7 9 7 5 6 3 8 6 10 5 16 6 12 9 19 7 19 
factor 18 14 18 14 18 15 17 15 16 15 15 14 16 15 16 14 18 16 18 15 
sICR 0.11 0.50 0.17 0.50 0.50 0.47 0.29 0.40 0.19 0.53 0.40 0.71 0.31 1.07 0.38 0.86 0.50 1.19 0.39 1.27 
16 0 4 5 8 7 5 7 0 7 4 4 4 6 10 6 14 4 11 9 12 
factor 19 14 18 12 19 14 19 13 19 13 18 12 20 14 19 14 22 15 21 14 
sICR 0.05 0.29 0.28 0.67 0.39 0.36 0.39 0.08 0.39 0.31 0.22 0.33 0.30 0.71 0.32 1.00 0.18 0.73 0.43 0.86 
17 TS TS TS TS 6 16 6 14 3 12 4 11 6 12 5 11 NS NS NS NS 
factor     19 15 19 14 19 16 19 15 20 16 19 13     
sICR     0.32 1.07 0.32 1.00 0.16 0.75 0.21 0.73 0.30 0.75 0.26 0.85     
18 TS TS TS TS TS TS TS TS 5 9 1 7 4 11 5 10 NS NS NS NS 
factor         16 13 16 13 17 13 16 10     
sICR         0.31 0.69 0.06 0.54 0.24 0.85 0.31 1     
19 TS TS TS TS TS TS TS TS 4 -3 6 4 6 10 6 14 10 13 7 15 
factor         19 14 19 13 19 15 18 15 20 17 20 16 
sICR         0.21 0.21 0.32 0.31 0.32 0.67 0.33 0.93 0.50 0.76 0.35 0.94 
20 7 11 8 14 5 8 4 10 7 11 7 5 6 11 7 13 NS NS NS NS 
factor 15 13 15 13 14 13 13 12 15 13 15 13 16 13 16 12     
sICR 0.47 0.85 0.53 1.08 0.36 0.62 0.31 0.83 0.47 0.85 0.47 0.38 0.38 0.85 0.44 1.08     
21 4 5 TS TS TS TS TS TS 4 7 3 8 5 9 7 8 4 15 6 14 
factor 18 13       18 11 18 13 17 12 16 13 19 14 17 12 
sICR         0.22 0.64 0.17 0.62 0.29 0.75 0.44 0.62 0.21 1.07 0.35 1.17 
22 TS TS TS TS 7 12 8 8 TS TS TS TS TS TS TS TS NS NS NS NS 
factor     20 11 19 10             
sICR     0.35 1.09 0.42 0.80             
23 8 4 2 2 1 4 -3 -1 5 14 8 12 NS NS NS NS NS NS NS NS 
factor 18 15 18 14 17 14 17 13 17 13 16 11         
sICR 0.44 0.27 0.11 0.14 0.06 0.29 0.18 0.08 0.29 1.08 0.50 1.09         
24 5 5 3 4 5 9 8 7 10 8 8 11 9 10 11 12 9 10 11 9 
factor 15 13 15 13 16 12 16 12 17 12 17 11 20 11 19 11 20 12 20 12 
sICR 0.33 0.38 0.20 0.31 0.31 0.75 0.5 0.58 0.59 0.67 0.47 1.00 0.45 0.90 0.58 1.09 0.45 0.83 0.55 0.75 
25 TS TS TS TS TS TS TS TS 5 7 5 8 TS TS TS TS TS TS TS TS 
factor         17 10 16 10         
sICR         0.29 0.70 0.31 0.80         
26 TS TS TS TS TS TS TS TS TS TS 4 7 7 1 6 2 7 12 9 14 
factor           17 12 17 12 17 12 18 12 17 14 
sICR           0.24 0.58 0.41 0.08 0.35 0.17 0.39 1.00 0.52 1.00 
27 TS TS TS TS 1 13 5 7 TS TS TS TS TS TS TS TS NS NS NS NS 
factor     17 10 19 11             
sICR     0.06 1.30 0.26 0.64             
28 3 -2 1 -2 6 7 5 7 5 9 5 13 6 10 8 13 9 14 8 14 
factor 18 12 19 11 16 11 17 11 16 12 16 11 17 12 17 12 19 14 18 14 
sICR 0.17 0.17 0.05 0.18 0.38 0.64 0.29 0.64 0.31 0.75 0.31 1.18 0.35 0.83 0.47 1.08 0.47 1.00 0.44 1.00 
29 TS TS TS TS 9 6 5 6 6 5 10 6 11 15 7 9 7 14 8 13 
factor     19 10 19 10 18 13 18 13 20 13 20 11 21 13 21 12 
sICR     0.47 0.60 0.26 0.60 0.33 0.38 0.56 0.46 0.55 1.15 0.35 0.82 0.33 1.08 0.38 1.08 
30 3 6 6 11 6 9 2 6 5 9 6 7 NS NS NS NS NS NS NS NS 
factor 18 14 18 13 19 14 18 14 18 15 18 15         
sICR 0.17 0.43 0.33 0.85 0.32 0.64 0.11 0.43 0.28 0.60 0.33 0.47         
31 4 1 TS TS 9 8 10 2 6 9 8 4 8 5 8 8 8 13 8 13 
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factor 18 12   18 12 17 12 17 13 17 12 18 13 16 12 19 14 18 13 
sICR 0.22 0.08   0.50 0.67 0.59 0.17 0.35 0.69 0.47 0.33 0.44 0.38 0.50 0.67 0.42 0.93 0.44 1.00 
32 6 6 TS TS 6 8 11 7 5 10 5 9 5 7 7 6 8 15 5 9 
factor 19 13   18 12 17 12 17 12 17 11 18 12 16 12 19 14 18 13 
sICR 0.32 0.46   0.33 0.67 0.65 0.58 0.29 0.83 0.29 0.82 0.28 0.58 0.44 0.50 0.42 1.07 0.28 0.69 
33 0 7 TS TS 7 10 6 8 7 9 9 11 10 6 9 10 NS NS NS NS 
factor 19 13   18 12 18 11 19 12 18 10 20 12 19 9     
sICR 0.05 0.54   0.39 0.83 0.33 0.73 0.37 0.75 0.50 1.10 0.50 0.50 0.47 1.11     
34 3 7 3 7 7 8 5 10 5 8 11 8 8 14 7 16 10 14 7 17 
factor 17 14 16 13 16 13 16 11 16 13 16 13 18 14 17 13 19 15 18 15 
sICR 0.18 0.50 0.19 0.54 0.44 0.62 0.31 0.91 0.31 0.62 0.69 0.62 0.44 1.00 0.41 1.23 0.53 0.93 0.39 1.13 
35 TS TS TS TS 4 9 4 13 5 10 4 14 6 13 7 14 9 17 7 12 
     18 12 18 11 16 14 15 12 17 14 17 13 19 14 19 13 
sICR     0.22 0.75 0.22 1.18 0.31 0.71 0.27 1.17 0.35 0.93 0.41 1.08 0.47 1.21 0.37 0.92 
36 -7 3 -3 5 1 11 -3 7 3 7 5 12 7 12 5 10 9 11 7 12 
factor 15 14 14 14 15 13 14 12 17 12 16 11 17 12 16 11 17 14 17 13 
sICR 0.47 0.21 0.21 0.36 0.07 0.85 0.21 0.58 0.18 0.58 0.31 1.09 0.41 1.00 0.31 0.91 0.53 0.79 0.41 0.92 
37 TS TS 4 0 4 9 6 14 5 11 4 7 7 12 6 14 5 13 8 14 
factor   14 12 15 12 15 11 15 13 15 11 16 12 15 11 16 14 16 11 
sICR   0.29 0.08 0.27 0.75 0.40 1.27 0.33 0.85 0.27 0.64 0.44 1.00 0.40 1.27 0.31 0.93 0.50 1.27 
38 M M 6 5 M M 6 4 M M 0 2 M M NS NS M M 15 11 
factor   16 12   17 11   18 11       17 14 
sICR   0.38 0.42   0.35 0.36   0.06 0.18       0.88 0.79 
39 6 6 M M 7 6 M M 9 7 M M 8 3 M M NS NS M M 
factor                     
sICR                     
40 10 12 M M 3 10 M M 7 10 M M 10 12 M M 8 13 M M 
factor                     
sICR                     
41 5 1 M M 7 5 M M 5 9 M M 7 8 M M 9 13 M M 
factor                     
sICR                     
42 4 2 M M 6 4 M M 7 5 M M 6 6 M M 10 11 M M 
factor                     
sICR                     
43 3 11 M M 2 10 M M 4 8 M M 6 13 M M 6 16 M M 
factor                     
sICR                     
44 TS TS M M 6 14 M M 9 14 M M 8 12 M M NS NS M M 
factor                     
sICR                     
45 2 11 M M 6 9 M M 6 11 M M 7 11 M M 8 15 M M 
factor                     
sICR                     
46 6 4 M M 5 4 M M 4 4 M M 11 6 M M NS NS M M 
factor                     
sICR                     
47 2 5 M M 4 8 M M 5 5 M M 4 5 M M 6 -1 M M 
factor                     
sICR                     
48 M M M M M M M M M M M M M M M M M M M M 
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Table 55. Standardized ICRs of normal females aged 50-59 years (no units). Subject 32 too small to 
measure. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
F50 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 4 5 8 8 8 5 8 7 6 7 8 5 8 9 3 10 TS TS TS TS 
factor 14 11 13 10 15 10 14 9 15 10 14 9 15 10 15 10     
sICR 0.29 0.45 0.62 0.80 0.53 0.50 0.57 1.15 0.40 0.70 0.57 0.56 0.53 0.90 0.20 1.00     
2 5 -1 5 5 3 4 3 8 6 7 4 8 6 6 9 7 5 13 9 8 
factor 14 11 13 10 13 11 12 10 13 9 12 8 14 10 13 8 16 12 15 10 
sICR 0.36 0.09 0.38 0.50 0.23 0.36 0.25 0.80 0.46 0.78 0.33 1.00 0.43 0.60 0.69 0.88 0.31 1.08 0.60 0.80 
3 3 6 4 4 7 3 8 5 3 3 4 3 7 7 6 4 NS NS NS NS 
factor 14 11 14 11 15 10 15 10 15 10 13 10 15 10 14 10     
sICR 0.21 0.55 0.29 0.36 0.47 0.30 0.53 0.50 0.20 0.30 0.31 0.30 0.47 0.70 0.43 0.40     
4 5 7 4 3 7 7 6 6 5 10 6 6 TS TS TS TS TS TS TS TS 
factor 17 13 15 11 16 13 15 12 15 13 14 12         
sICR 0.29 0.54 0.27 0.27 0.44 0.54 0.40 0.50 0.33 0.77 0.43 0.50         
5 3 11 5 9 4 9 5 8 6 6 6 7 NS NS NS NS NS NS NS NS 
factor 15 12 14 10 15 11 14 10 14 11 14 11         
sICR 0.20 0.42 0.36 0.90 0.27 0.82 0.36 0.80 0.43 0.55 0.43 0.64         
6 1 2 5 5 4 5 2 3 6 6 7 7 2 10 4 8 5 15 6 13 
factor 15 12 15 11 14 11 14 11 15 11 15 10 17 12 15 10 16 13 15 12 
sICR 0.06 0.17 0.33 0.45 0.29 0.45 0.14 0.27 0.40 0.55 0.47 0.70 0.12 0.83 0.27 0.80 0.31 1.15 0.40 1.08 
7 2 1 4 6 4 7 6 5 7 10 6 8 6 12 5 8 NS NS NS NS 
factor 17 13 15 12 17 12 16 11 16 12 16 11 16 12 16 11     
sICR 0.12 0.08 0.27 0.50 0.24 0.58 0.38 0.45 0.44 0.83 0.38 0.73 0.38 1.00 0.31 0.73     
8 TS TS TS TS 2 9 1 3 5 11 5 8 6 7 7 6 NS NS NS NS 
factor     14 12 13 11 15 10 13 10 15 11 14 10     
sICR     0.14 0.75 0.08 0.27 0.33 1.10 0.38 0.80 0.40 0.64 0.50 0.60     
9 TS TS TS TS 4 8 7 2 4 9 2 8 6 12 6 10 6 17 6 10 
factor     16 9 15 8 15 12 14 9 14 13 14 11 16 14 16 13 
sICR     0.25 0.89 0.47 0.25 0.27 0.75 0.14 0.89 0.43 0.92 0.43 0.90 0.38 1.21 0.38 0.77 
10 TS TS TS TS 5 5 6 10 8 3 6 8 3 10 4 10 10 18 6 13 
factor     14 11 14 10 14 10 13 10 15 10 14 10 15 13 15 12 
sICR     0.36 0.45 0.43 1.00 0.57 0.30 0.46 0.80 0.20 1.00 0.29 1.00 0.67 1.38 0.40 1.08 
11 4 2 6 3 3 1 6 6 5 6 6 7 6 11 3 8 8 13 6 8 
factor 16 13 15 11 17 12 16 11 16 12 16 12 15 12 15 11 17 12 16 12 
sICR 0.25 0.15 0.40 0.27 0.18 0.08 0.43 0.55 0.50 0.50 0.38 0.58 0.40 0.92 0.20 0.73 0.47 1.08 0.38 0.67 
12 6 7 5 4 10 8 7 9 5 12 6 10 TS TS TS TS NS NS NS NS 
factor 15 11 15 11 14 11 13 11 13 11 13 11         
sICR 0.40 0.64 0.30 0.36 0.71 0.72 0.54 0.82 0.38 1.09 0.46 0.91         
13 -7 -5 0 -5 5 6 6 8 7 11 5 6 NS NS NS NS NS NS NS NS 
factor 15 11 15 10 15 11 15 10 15 12 15 9         
sICR 0.47 0.45 0.07 0.50 0.33 0.55 0.40 0.80 0.47 0.92 0.30 0.67         
14 2 -1 5 8 3 6 5 5 5 3 7 5 4 7 3 3 6 11 7 7 
factor 15 10 14 9 14 10 13 10 14 10 13 9 15 10 14 10 16 12 15 10 
sICR 0.13 0.10 0.36 0.89 0.21 0.60 0.38 0.50 0.36 0.30 0.54 0.55 0.27 0.70 0.21 0.30 0.38 0.92 0.47 0.70 
15 4 9 4 7 5 12 4 11 5 7 7 8 8 7 6 3 12 14 NS NS 
factor 15 8 14 8 14 10 14 10 14 11 14 11 17 11 15 11 17 12   
sICR 0.27 1.13 0.29 0.88 0.36 1.20 0.29 1.10 0.36 0.64 0.50 0.73 0.47 0.64 0.40 0.27 0.71 1.17   
16 TS TS 5 12 3 3 6 4 2 4 3 9 3 4 4 5 4 15 6 4 
factor   13 9 13 10 13 9 12 11 12 9 14 10 13 9 15 11 14 11 
sICR   0.38 0.75 0.23 0.30 0.46 0.44 0.17 0.36 0.25 1.00 0.21 0.40 0.31 0.56 0.27 1.36 0.43 0.36 
17 TS TS TS TS -2 10 4 5 4 2 5 3 5 8 5 8 NS NS NS NS 
factor     15 10 14 9 12 10 12 8 13 10 12 9     
sICR     0.13 1.00 0.29 0.56 0.33 0.20 0.42 0.38 0.38 0.80 0.42 0.89     
18 3 5 4 4 3 5 4 4 6 7 4 7 4 10 6 8 TS TS TS TS 
factor 13 11 13 11 13 11 12 11 12 11 12 11 14 11 13 10     
sICR 0.23 0.45 0.31 0.36 0.23 0.45 0.33 0.36 0.50 0.64 0.33 0.64 0.29 0.91 0.46 0.80     
19 TS TS TS TS 6 8 6 3 6 10 4 5 6 7 7 9 9 14 4 11 
factor     14 10 12 10 13 9 13 9 16 9 15 8 16 11 15 12 
sICR     0.43 0.80 0.50 0.30 0.46 1.11 0.31 0.56 0.38 0.78 0.47 1.13 0.56 1.27 0.27 0.92 
20 TS TS 6 3 TS TS 5 4 3 5 6 6 5 6 7 6 9 7 7 7 
factor   12 9   11 10 12 10 12 9 13 10 13 9 15 10 15 10 
sICR   0.50 0.33   0.45 0.40 0.25 0.50 0.50 0.67 0.38 0.60 0.54 0.67 0.60 0.70 0.47 0.70 
21 TS TS TS TS 8 14 TS TS 6 3 6 9 6 9 6 13 6 17 6 11 
factor     12 10   12 10 12 10 12 11 12 11 13 13 13 12 
sICR     0.67 1.40   0.50 0.30 0.50 0.90 0.50 0.82 0.50 1.18 0.46 1.31 0.46 0.92 
22 5 5 5 7 6 1 6 5 5 6 6 8 6 9 5 9 6 11 6 7 
factor 12 9 12 9 11 10 12 10 12 10 12 10 12 8 12 8 12 10 12 9 
sICR 0.42 0.56 0.42 0.78 0.55 0.10 0.50 0.50 0.42 0.60 0.50 0.80 0.50 1.12 0.42 1.12 0.50 1.10 0.50 0.78 
23 3 4 5 4 4 7 4 6 6 3 6 7 TS TS TS TS NS NS NS NS 
factor 14 11 14 11 13 11 12 11 13 11 14 11         
sICR 0.21 0.36 0.36 0.36 0.31 0.64 0.33 0.55 0.46 0.27 0.43 0.64         
24 7 2 6 0 11 9 8 6 7 3 8 9 17 8 9 7 TS TS TS TS 
factor 17 13 18 12 16 13 16 12 18 13 16 12 20 13 19 12     
sICR 0.41 0.15 0.33 0.08 0.69 0.69 0.50 0.50 0.38 0.23 0.50 0.75 0.85 0.62 0.47 0.58     
25 5 7 6 5 7 4 6 6 5 9 7 7 4 6 8 5 TS TS TS TS 
factor 13 10 13 9 14 8 14 8 13 9 14 8 15 10 15 9     
sICR 0.38 0.70 0.46 0.56 0.50 0.50 0.43 0.75 0.38 1.00 0.50 0.88 0.27 0.60 0.53 0.56     
26 10 8 7 4 5 7 6 7 6 7 7 6 6 9 6 10 9 17 8 15 
factor 18 11 18 10 17 10 18 10 15 11 16 11 16 12 16 11 17 13 17 13 
sICR 0.56 0.72 0.39 0.40 0.29 0.70 0.33 0.70 0.40 0.64 0.44 0.55 0.38 0.75 0.38 0.91 0.53 1.31 0.47 1.15 
27 5 7 4 9 6 5 5 6 5 5 6 5 8 10 6 11 NS NS NS NS 
factor 15 12 15 11 14 10 15 10 14 10 13 10 14 10 13 9     
sICR 0.33 0.58 0.27 0.82 0.43 0.50 0.33 0.60 0.36 0.50 0.46 0.50 0.57 1.00 0.46 1.22     
28 6 -2 5 4 7 4 8 4 6 6 6 7 4 9 6 5 7 13 5 7 
factor 13 12 14 12 14 11 14 11 13 10 13 10 14 11 13 9 15 12 13 11 
sICR 0.46 0.16 0.36 0.33 0.50 0.36 0.57 0.36 0.46 0.60 0.46 0.70 0.29 0.82 0.46 0.56 0.47 1.08 0.38 0.64 
29 TS TS TS TS 1 6 3 5 1 5 3 4 NS NS NS NS NS NS NS NS 
factor     15 10 10 10 15 9 11 9         
sICR     0.06 0.60 0.30 0.50 0.07 0.56 0.27 0.44         
30 TS TS TS TS 6 1 6 5 8 8 7 9 TS TS TS TS NS NS NS NS 
factor     16 13 16 13 16 12 15 12         
sICR     0.38 0.08 0.38 0.38 0.50 0.67 0.47 0.75         
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31 TS TS 2 2 6 3 3 3 5 3 4 4 5 4 5 4 NS NS NS NS 
factor   14 10 13 10 12 10 12 9 12 9 12 9 12 9     
sICR   0.14 0.20 0.46 0.30 0.25 0.30 0.42 0.33 0.33 0.44 0.42 0.44 0.42 0.44     
32 D D D D D D D D D D D D D D D D D D D D 
33 2 4 6 5 TS TS TS TS 5 6 3 7 6 7 6 7 6 10 6 6 
factor 13 10 13 10     12 11 12 10 14 10 14 9 13 12 14 11 
sICR 0.15 0.40 0.46 0.50     0.42 0.55 0.25 0.70 0.43 0.70 0.43 0.78 0.46 0.83 0.43 0.55 
34 5 2 5 7 7 11 5 5 6 12 6 8 12 7 5 13 TS TS TS TS 
factor 13 12 13 11 13 11 13 11 13 11 13 11 14 12 14 10     
sICR 0.38 0.17 0.38 0.64 0.54 1.00 0.38 0.45 0.46 1.09 0.46 0.73 0.86 0.58 0.36 1.30     
35 TS TS TS TS 5 6 5 8 5 7 5 8 4 8 4 8 NS NS NS NS 
factor     11 11 11 10 11 9 12 10 13 10 13 9     
sICR     0.45 0.55 0.45 0.80 0.45 0.78 0.42 0.80 0.31 0.80 0.31 0.89     
36 TS TS 7 8 TS TS TS TS 4 6 4 8 7 11 5 8 NS NS NS NS 
factor   13 10     14 12 13 10 14 11 15 10     
sICR   0.54 0.80     0.29 0.50 0.31 0.80 0.50 1.00 0.33 0.80     
37 6 3 6 7 6 1 6 5 5 4 6 5 11 11 7 11 7 15 8 14 
factor 13 11 13 10 14 12 13 12 14 12 13 12 15 13 14 12 15 14 14 13 
sICR 0.46 0.27 0.46 0.70 0.43 0.08 0.46 0.42 0.36 0.33 0.46 0.42 0.73 0.85 0.50 0.92 0.47 1.07 0.57 1.08 
38 TS TS TS TS 7 5 5 2 6 2 6 4 6 9 5 6 NS NS NS NS 
factor     14 10 13 10 14 9 14 10 15 9 14 9     
sICR     0.50 0.50 0.38 0.20 0.43 0.22 0.43 0.40 0.40 1.00 0.36 0.33     
39 5 8 5 5 4 2 5 6 6 7 4 8 5 10 5 9 6 17 6 12 
factor 14 10 14 10 13 10 13 9 13 10 12 9 12 9 12 9 14 11 13 10 
sICR 0.36 0.80 0.36 0.50 0.31 0.20 0.38 0.67 0.46 0.70 0.33 0.89 0.42 1.11 0.42 1.00 0.43 1.55 0.46 1.20 
40 4 -1 TS TS 9 10 6 8 TS TS TS TS 7 15 TS TS NS NS NS NS 
factor 15 14   15 14 15 12     14 12       
sICR 0.27 0.07   0.60 0.71 0.40 0.67     0.50 1.25       
41 TS TS TS TS TS TS TS TS 5 10 6 7 NS NS NS NS NS NS NS NS 
factor         13 11 12 10         
sICR         0.38 0.91 0.50 0.70         
42 4 7 TS TS 5 9 6 10 6 5 7 7 9 7 5 6 4 11 3 7 
factor 11 11   12 12 12 11 13 11 13 10 12 10 13 9 11 12 11 11 
sICR 0.36 0.64   0.42 0.75 0.50 0.91 0.46 0.45 0.54 0.70 0.75 0.70 0.38 0.67 0.36 0.92 0.27 0.64 
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Table 56. Standardized ICRs of normal males aged 50-59 years (no units). Subjects 10, 28 and 29 
are deleted as no motion seen or unable to measure. 
 
 C2/3 C2/3 C3/4 C3/4 C4/5 C4/5 C5/6 C5/6 C6/7 C6/7 
M50 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 X1 Y1 X2 Y2 
1 TS TS 13 6 7 10 10 4 9 7 10 8 8 12 8 5 NS NS NS NS 
factor   23 13 22 14 23 12 15 13 21 11 21 13 21 11     
sICR   0.57 0.46 0.32 0.71 0.43 0.33 0.60 0.54 0.48 0.73 0.38 0.92 0.38 0.45     
2 TS TS TS TS 6 3 2 1 7 10 10 8 TS TS TS TS 13 18 NS NS 
factor     17 12 16 10 18 12 17 9     16 17   
sICR     0.35 0.25 0.13 0.10 0.39 0.83 0.59 0.89     0.81 1.06   
3 1 3 1 9 2 8 6 10 6 10 7 10 10 6 7 9 NS NS NS NS 
factor 19 13 20 12 18 12 18 10 20 14 19 13 21 14 21 12     
sICR 0.05 0.23 0.05 0.75 0.11 0.67 0.33 1.00 0.30 0.71 0.37 0.77 0.48 0.43 0.33 0.75     
4 12 12 10 6 TS TS TS TS 6 7 6 5 4 14 6 12 NS NS NS NS 
factor 20 16 20 14     19 14 20 14 20 13 19 13     
sICR 0.60 0.75 0.50 0.43     0.32 0.50 0.30 0.36 0.20 1.08 0.32 0.92     
5 7 13 TS TS 8 10 5 9 7 11 6 10 TS TS NS NS NS NS NS NS 
factor 19 14   20 14 20 12 19 13 20 12         
sICR 0.37 0.93   0.40 0.71 0.25 0.75 0.37 0.85 0.30 0.83         
6 TS TS TS TS 2 13 8 10 7 9 4 12 5 10 8 10 NS NS NS NS 
factor     17 14 18 13 17 13 18 12 18 13 19 12     
sICR     0.12 0.93 0.44 0.77 0.41 0.69 0.22 1.00 0.28 0.77 0.42 0.83     
7 2 2 3 5 TS TS TS TS 6 11 5 12 5 14 7 10 NS NS NS NS 
factor 18 15 18 14     16 14 17 13 19 12 20 11     
sICR 0.11 0.13 0.17 0.36     0.38 0.79 0.29 0.92 0.26 1.17 0.35 0.91     
8 TS TS TS TS 10 8 8 6 11 6 7 6 6 0 NS NS NS NS NS NS 
factor     17 14 18 11 17 12 19 10 18 13       
sICR     0.59 0.57 0.44 0.55 0.65 0.50 0.37 0.60 0.33 0.08       
9 TS TS TS TS 3 -7 5 3 6 8 5 6 8 4 TS TS TS TS NS NS 
factor     16 11 16 10 17 10 17 10 17 13       
sICR     0.19 0.64 0.31 0.30 0.35 0.80 0.29 0.60 0.47 0.31       
11 TS TS 5 15 8 10 7 9 8 6 7 4 8 12 6 9 NS NS NS NS 
factor   20 13 20 13 21 12 20 13 19 12 20 14 19 11     
sICR   0.25 1.15 0.40 0.77 0.33 0.75 0.40 0.37 0.37 0.33 0.40 0.86 0.32 0.82     
12 TS TS TS TS 9 3 8 7 3 7 6 6 5 10 3 4 9 15 8 17 
factor     19 11 17 9 18 11 18 10 19 13 18 11 20 16 20 15 
sICR     0.47 0.27 0.47 0.78 0.17 0.64 0.33 0.60 0.26 0.77 0.17 0.36 0.45 0.94 0.40 1.13 
13 TS TS 2 7 5 8 5 8 4 9 2 9 6 7 5 5 NS NS NS NS 
factor   15 9 15 12 15 10 14 12 14 10 15 12 15 11     
sICR   0.13 0.78 0.33 0.67 0.33 0.80 0.29 0.75 0.14 0.90 0.40 0.58 0.33 0.45     
14 TS TS 7 9 9 5 8 8 7 4 7 6 9 9 8 8 7 15 7 9 
factor   17 13 17 14 17 12 18 14 18 13 18 13 18 11 19 13 19 12 
sICR   0.41 0.69 0.53 0.36 0.47 0.67 0.39 0.29 0.39 0.46 0.50 0.69 0.44 0.73 0.37 1.15 0.37 0.75 
15 TS TS TS TS 3 6 4 6 3 6 5 9 4 4 5 7 8 14 7 10 
factor     15 10 15 9 14 10 14 9 15 11 16 11 17 13 17 11 
sICR     0.20 0.60 0.27 0.67 0.21 0.60 0.36 1.00 0.27 0.36 0.31 0.64 0.47 1.08 0.41 0.91 
16 TS TS TS TS TS TS TS TS 9 5 7 8 6 11 8 7 12 18 NS NS 
factor         17 13 16 11 17 12 17 10 19 14   
sICR         0.53 0.39 0.44 0.73 0.35 0.92 0.47 0.70 0.63 1.29   
17 TS TS 9 2 8 7 6 7 11 10 9 5 TS TS TS TS NS NS NS NS 
factor   21 13 20 12 20 11 19 11 19 10         
sICR   0.43 0.15 0.40 0.58 0.30 0.64 0.58 0.91 0.47 0.50         
18 TS TS TS TS 2 10 5 7 7 4 5 5 5 7 5 6 12 11 8 14 
factor     16 11 16 10 15 11 15 11 16 12 16 11 18 13 18 12 
sICR     0.13 0.91 0.31 0.70 0.47 0.36 0.33 0.45 0.31 0.58 0.31 0.55 0.67 0.85 0.44 1.17 
19 TS TS 2 9 4 10 7 9 8 10 6 8 5 9 8 8 NS NS NS NS 
factor   18 14 19 12 19 11 18 12 17 11 20 13 19 11     
sICR   0.11 0.64 0.21 0.83 0.37 0.82 0.44 0.83 0.35 0.73 0.25 0.69 0.42 0.73     
20 7 0 9 4 5 11 7 10 7 4 7 10 6 9 8 8 11 17 8 9 
factor 17 15 17 15 16 15 17 15 17 14 16 14 17 14 17 13 19 17 19 15 
sICR 0.41 0.07 0.53 0.27 0.31 0.73 0.41 0.67 0.41 0.29 0.44 0.71 0.35 0.64 0.47 0.62 0.58 1.00 0.42 0.60 
21 TS TS TS TS 4 10 5 5 6 11 4 7 9 11 6 10 7 0 5 6 
factor     14 10 14 10 14 10 14 10 16 10 15 9 17 10 16 9 
sICR     0.29 1.00 0.36 0.50 0.43 1.10 0.29 0.70 0.56 1.10 0.40 1.11 0.41 0.10 0.31 0.67 
22 13 15 7 12 8 5 7 10 7 9 8 9 9 12 TS TS 11 18 NS NS 
factor 16 12 17 12 17 12 17 11 16 12 15 11 17 12   18 13   
sICR 0.81 1.25 0.41 1.00 0.47 0.42 0.41 0.91 0.44 0.75 0.53 0.82 0.53 1.00   0.61 1.38   
23 TS TS TS TS 7 6 11 6 9 6 9 7 10 4 10 6 13 15 NS NS 
factor     18 9 19 8 19 10 19 8 21 10 22 9 21 11   
sICR     0.39 0.67 0.58 0.75 0.47 0.60 0.47 0.88 0.48 0.40 0.45 0.67 1.48 1.36   
24 TS TS 4 9 8 1 7 9 8 9 6 12 10 15 8 10 NS NS NS NS 
factor   16 13 20 10 15 12 19 11 16 14 20 12 17 13     
sICR   0.25 0.69 0.40 0.10 0.47 0.75 0.42 0.82 0.38 0.86 0.50 1.25 0.47 0.77     
25 TS TS 9 6 9 9 6 8 7 3 7 6 8 8 6 10 NS NS NS NS 
factor   17 12 16 12 16 10 16 11 16 11 16 12 15 10     
sICR   0.53 0.50 0.56 0.75 0.38 0.80 0.44 0.27 0.44 0.55 0.50 0.67 0.40 1.00     
26 TS TS 5 4 7 6 5 5 4 5 6 7 NS NS TS TS NS NS NS NS 
factor   15 11 15 13 14 10 15 12 16 8         
sICR   0.33 0.36 0.47 0.46 0.36 0.50 0.27 0.42 0.38 0.88         
27 TS TS TS TS 2 10 5 7 6 9 3 8 8 12 9 10 NS NS NS NS 
factor     18 12 17 10 17 11 17 10 18 13 18 11     
sICR     0.11 0.83 0.29 0.70 0.35 0.82 0.18 0.80 0.44 0.92 0.50 0.91     
30 TS TS TS TS 7 8 7 5 9 13 6 6 8 13 TS TS 14 13 TS TS 
factor     17 14 17 13 17 13 17 11 18 12   17 13   
sICR     0.41 0.57 0.41 0.38 0.53 1.00 0.35 0.55 0.44 1.08   0.82 1.00   
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Appendix C: Rotation angles: Tables 57 to 62. 
“D” means deleted, because radiographer(s) did not follow instructions in taking the 
images. 
“M” means missing data (radiographs went missing in the post). 
“N” means not seen (shoulder obscuring image of C6/7, for instance). 
“TS” means too small to measure. 
 
Table 57. Rotation angles of normal females 30-39 years in degrees. 
 
 
LEVEL C2-3 C3-4 C4-5 C5-6 C6-7 
marker 1 2 1 2 1 2 1 2 1 2 
F30-1 12 10 21 21 24 20 16 16 NS 7 
2 10 4 11 10 18 15 16 17 14 9 
3 9 9 14 15 24 22 22 17 11 7 
4 D D D D D D D D D D 
5 12 3 14 17 13 13 16 14 NS NS 
6 9 10 12 9 12 14 15 10 7 9 
7 5 9 10 12 15 14 NS NS NS NS 
8 8 10 9 12 6 4 NS NS NS NS 
9 12 9 13 10 16 18 7 6 10 7 
10 11 7 14 10 8 7 10 10 13 10 
11 10 12 14 13 16 13 12 14 NS NS 
12 10 10 15 15 18 19 NS 20 NS NS 
13 9 10 11 10 8 9 9 9 18 9 
14 7 5 11 9 14 13 16 13 NS 13 
15 10 9 16 16 20 20 19 21 18 14 
16 4 3 9 8 11 14 14 13 NS 8 
17 7 6 16 14 19 14 18 17 19 16 
18 TS 11 17 24 17 22 22 22 18 18 
19 8 7 10 8 10 10 11 9 NS NS 
20 5 5 12 8 16 18 15 16 NS 16 
21 8 11 13 7 13 11 16 13 NS 17 
22 10 7 14 15 17 18 18 15 23 21 
23 13 12 12 15 15 15 21 17 14 14 
24 8 8 13 16 14 10 9 8 7 8 
25 M M M M M M M M M M 
26 9 10 13 11 20 19 19 18 NS 18 
27 9 9 12 14 14 19 17 14 19 15 
28 TS TS 10 9 10 11 17 15 12 15 
29 12 10 14 15 20 16 17 16 NS 15 
30 M M M M M M M M M M 
31 M M M M M M M M M M 
32 M M M M M M M M M M 
33 M M M M M M M M M M 
34 14 13 15 16 24 21 19 11 16 8 
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Table 58. Rotation angles of normal males 30-39 years in degrees. 
 
 
LEVEL C2-3 C3-4 C4-5 C5-6 C6-7 
marker 1 2 1 2 1 2 1 2 1 2 
M30-1 6 0 8 11 11 4 10 10 16 12 
2 12 5 11 15 13 9 NS NS NS NS 
3 D D D D D D D D D D 
4 D D D D D D D D D D 
5 9 11 14 14 15 13 18 17 12 12 
6 8 8 16 17 13 16 9 9 NS NS 
7 7 7 16 9 12 16 23 19 NS NS 
8 7 M 9 M 13 M 12 M NS M 
9 TS 9 11 13 17 13 18 18 7 9 
10 9 6 9 7 9 8 9 9 NS 7 
11 3 3 TS 3 8 8 12 10 NS 7 
12 13 10 13 10 15 14 18 17 17 13 
13 14 13 15 12 18 17 17 17 23 19 
14 10 10 14 14 13 13 12 11 11 8 
15 D D D D D D D D D D 
16 D D D D D D D D D D 
17 D D D D D D D D D D 
18 M M M M M M M M M M 
19 D D D D D D D D D D 
20 7 7 11 10 14 14 15 16 NS NS 
21 5 5 8 7 15 11 15 14 7 8 
22 3 TS 8 9 11 11 13 13 NS 8 
23 9 8 17 16 18 15 21 21 18 14 
24 D D D D D D D D D D 
25 D D D D D D D D D D 
26 8 8 15 12 14 16 23 16 NS NS 
27 7 9 10 9 15 16 17 17 NS NS 
28 6 4 11 11 15 15 19 17 NS 15 
29 TS 12 16 15 21 22 14 14 11 8 
30 TS 11 15 11 16 19 13 9 NS 11 
31 11 10 16 17 23 23 22 20 16 9 
32 9 11 14 14 8 6 NS 15 NS NS 
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Table 59. Rotation angles of normal females aged 40-49 years in degrees.  
 
LEVEL C2-3 C3-4 C4-5 C5-6 C6-7 
marker 1 2 1 2 1 2 1 2 1 2 
F40-1 12 14 10 6 15 14 12 11 NS NS 
2 12 16 15 20 22 21 NS NS NS NS 
3 11 6 11 14 17 12 17 15 NS NS 
4 D D D D D D D D D D 
5 8 6 10 5 11 7 12 9 14 12 
6 8 3 12 11 16 18 13 18 NS NS 
7 12 7 13 15 18 18 15 4 NS NS 
8 7 7 12 12 16 14 13 11 NS NS 
9 5 5 18 16 18 18 8 NS 6 NS 
10 10 10 13 9 15 14 22 19 NS NS 
11 TS 10 14 12 15 10 14 12 15 11 
12 D D D D D D D D D D 
13 12 13 15 12 16 15 19 18 13 10 
14 D D D D D D D D D D 
15 8 11 13 13 16 15 17 16 NS 14 
16 11 11 17 16 12 14 18 12 17 12 
17 20 19 19 13 23 22 19 14 NS 20 
18 10 9 9 13 12 14 11 8 14 12 
19 5 7 15 11 20 19 17 16 18 18 
20 D D D D D D D D D D 
21 10 6 14 13 8 11 12 8 13 10 
22 10 10 16 14 22 16 19 14 13 11 
23 9 11 13 15 18 11 12 11 NS NS 
24 D D D D D D D D D D 
25 6 4 10 7 19 16 11 11 7 9 
26 D D D D D D D D D D 
27 15 10 15 7 14 17 17 4 12 NS 
28 M M M M M M M M M M 
29 M M M M M M M M M M 
30 M M M M D D D D D D 
31 M M M M M M M M M M 
32 M M M M M M M M M M 
33 D D D D D D D D D D 
34 8 8 14 9 18 12 17 14 16 14 
35 15 8 11 10 15 20 17 9 NS NS 
36 8 9 16 13 19 22 17 16 17 14 
37 17 18 19 12 16 9 16 15 12 13 
38 9 13 13 6 12 TS 5 TS 7 NS 
39 15 16 17 15 20 20 17 15 18 18 
40 11 9 12 16 NS NS NS NS NS NS 
41 7 5 12 16 18 14 11 10 NS NS 
42 7 5 11 13 12 13 12 17 16 12 
43 10 8 14 13 13 16 16 16 11 13 
44 10 11 16 15 22 20 22 20 18 16 
45 8 11 15 15 21 22 17 14 19 17 
46 8 7 17 16 17 14 18 17 12 11 
47 15 11 19 17 19 16 18 12 7 9 
48 11 5 15 16 14 15 8 11 9 NS 
49 11 8 12 11 15 16 18 15 NS NS 
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Table 60. Rotation angles of normal males aged 40-49 years in degrees.  
 
LEVEL C2-3 C3-4 C4-5 C5-6 C6-7 
marker 1 2 1 2 1 2 1 2 1 2 
M40-1 TS 12 16 14 16 14 20 22 NS 9 
2 5 4 11 12 14 12 15 13 17 15 
3 10 6 14 22 19 22 7 6 NS NS 
4 7 4 9 7 12 7 12 8 NS NS 
5 11 7 11 12 16 12 18 15 13 11 
6 TS TS 10 5 15 5 11 13 NS NS 
7 8 10 13 12 18 12 20 16 NS NS 
8 5 2 10 11 15 11 9 7 NS NS 
9 6 7 11 11 14 11 5 5 NS NS 
10 5 10 11 10 14 10 15 13 18 19 
11 TS TS 13 14 10 14 16 12 NS NS 
12 13 8 13 11 16 11 18 17 17 13 
13 TS 3 10 7 13 7 12 11 13 14 
14 8 9 14 15 18 15 18 17 15 11 
15 7 8 13 11 17 19 18 17 14 13 
16 7 10 11 11 12 11 10 9 7 8 
17 5 7 10 9 15 9 12 11 NS NS 
18 6 6 6 5 10 5 11 12 NS NS 
19 TS TS TS TS 9 TS 12 15 15 16 
20 5 5 7 8 18 8 14 12 NS NS 
21 6 TS 11 12 18 12 14 16 12 17 
22 TS 3 12 11 13 11 10 6 NS NS 
23 8 8 11 10 17 10 NS NS NS NS 
24 10 9 13 13 17 13 16 18 13 10 
25 TS TS TS TS 15 TS 4 4 6 5 
26 TS TS TS TS TS TS 10 7 10 11 
27 8 7 10 15 7 15 11 5 TS NS 
28 11 10 16 13 17 13 17 19 18 21 
29 6 8 16 15 17 15 8 11 10 8 
30 9 11 12 11 15 11 NS NS NS NS 
31 6 7 15 13 15 13 18 18 19 20 
32 10 5 11 15 20 15 9 14 14 12 
33 7 4 11 11 17 11 13 9 NS NS 
34 12 10 20 19 13 19 18 17 19 20 
35 7 5 12 12 15 12 22 21 19 16 
36 8 7 13 9 9 13 19 17 15 16 
37 12 9 16 16 15 15 19 21 17 18 
38 M 9 M 11 M 11 M TS M 12 
39 7 M 14 M 16 M 13 M NS M 
40 9 M 12 M 13 M 13 M 18 M 
41 7 M 11 M 16 M 19 M 13 M 
42 12 M 14 M 18 M 18 M 18 M 
43 10 M 15 M 16 M 20 M 23 M 
44 TS M 9 M 14 M 10 M NS M 
45 11 M 19 M 23 M 19 M 23 M 
46 11 M 12 M 8 M 8 M NS M 
47 7 M 19 M 15 M 5 M 6 M 
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Table 61. Rotation angles of normal females aged 50-59 years in degrees.  
 
 
LEVEL C2-3 C3-4 C4-5 C5-6 C6-7 
marker 1 2 1 2 1 2 1 2 1 2 
F50-1 5 7 12 15 17 12 14 14 17 13 
2 17 13 17 16 16 18 11 8 6 7 
3 9 5 12 14 16 14 13 11 NS NS 
4 11 6 15 15 15 18 7 6 8 9 
5 7 7 15 11 18 17 NS NS NS NS 
6 8 7 13 12 18 15 14 14 18 13 
7 7 9 16 14 17 15 14 12 NS NS 
8 8 10 14 10 18 16 14 14 6 NS 
9 8 7 11 8 14 10 12 12 14 8 
10 3 4 10 7 9 10 11 10 9 9 
11 7 5 7 10 13 13 13 10 10 10 
12 10 7 7 8 7 8 10 6 NS NS 
13 6 6 9 8 8 8 NS NS NS NS 
14 9 10 14 12 15 19 14 13 14 9 
15 7 5 18 15 18 18 10 9 9 NS 
16 TS 11 9 9 13 11 11 12 11 5 
17 TS TS 5 6 7 7 9 10 NS NS 
18 9 7 10 12 20 15 12 17 13 7 
19 TS TS 12 10 19 17 19 19 13 12 
20 8 7 8 9 4 8 8 7 8 6 
21 TS 3 6 5 9 8 11 10 9 8 
22 9 14 14 12 14 19 22 22 14 11 
23 11 8 11 15 14 11 9 7 NS NS 
24 5 7 12 12 14 11 9 6 7 5 
25 9 5 9 8 18 18 10 9 6 6 
26 9 10 10 11 17 14 20 20 14 9 
27 7 10 13 12 15 14 13 11 NS NS 
28 6 11 12 10 20 17 12 14 10 8 
29 TS TS 13 15 11 8 NS NS NS NS 
30 8 8 11 10 14 13 8 6 NS NS 
31 5 6 14 12 14 14 18 16 NS NS 
32 D D D D D D D D D D 
33 8 6 8 12 14 13 12 10 9 5 
34 10 11 16 12 15 11 15 15 12 7 
35 4 4 11 10 15 12 13 13 NS NS 
36 TS 13 6 12 16 15 11 11 NS NS 
37 5 5 12 12 12 9 8 9 10 7 
38 2 6 10 8 13 11 10 10 NS NS 
39 9 8 10 10 16 15 17 14 15 11 
40 6 TS 14 13 TS TS 8 TS NS NS 
41 7 8 6 9 12 10 NS NS NS NS 
42 5 3 20 18 17 12 8 10 6 9 
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Table 62. Rotation angles of normal males aged 50-59 years in degrees.  
 
LEVEL C2-3 C3-4 C4-5 C5-6 C6-7 
marker 1 2 1 2 1 2 1 2 1 2 
M50-1 7 8 10 8 14 14 14 12 NS NS 
2 4 11 10 10 8 7 11 8 7 NS 
3 6 8 12 13 13 15 14 11 NS NS 
4 6 6 4 4 6 4 8 8 NS NS 
5 6 2 8 9 14 12 3 NS NS NS 
6 TS 5 10 7 14 16 8 12 NS 6 
7 5 6 11 9 12 13 10 7 NS NS 
8 3 5 11 6 13 9 6 6 NS 3 
9 6 9 5 6 13 10 6 5 3 NS 
10 D D D D D D D D D D 
11 7 10 15 16 13 13 12 8 NS NS 
12 4 4 12 10 12 11 14 11 15 16 
13 9 11 13 11 11 12 17 13 NS NS 
14 4 10 11 11 16 14 16 16 14 12 
15 5 4 11 12 10 11 12 15 15 10 
16 3 5 13 8 12 9 14 11 9 8 
17 7 6 9 11 7 6 5 7 5 NS 
18 9 8 11 11 13 14 18 15 15 18 
19 6 7 15 13 13 12 10 16 NS NS 
20 9 6 12 11 13 12 12 15 13 10 
21 6 6 10 8 13 10 8 9 6 8 
22 13 16 12 9 14 13 7 TS 10 TS 
23 6 6 12 13 14 11 11 8 6 TS 
24 7 10 11 14 13 16 11 15 NS TS 
25 5 7 8 7 11 8 16 18 NS TS 
26 9 7 15 16 21 19 NS TS NS TS 
27 7 8 13 11 13 13 15 18 NS TS 
28 D D D D D D D D D D 
29 D D D D D D D D D D 
30 7 6 16 16 10 9 6 4 NS 8 
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Appendix D: Ionizing Radiation 
 
The use of ionizing radiation in this project mandated seeking permission from the Human 
Research Ethics Committee of the University of Queensland for this aspect specifically, 
and this was granted after review and dose calculations for the project based on the 
literature. Later, after a complaint from a radiologist about a chiropractor (the author), 
irradiating volunteers for this project permission was withdrawn. That decision was 
appealed and the Committee advised it would review its decision if the investigator 
undertook his own private research on dose and provided his own dose calculations and 
re-submitted the proposal. This was done, and the approval was re-instated after a two-
year delay (see below). 
 
The reference Australian Code of Practice (“Exposure of humans to ionizing radiation for 
research purposes”) RPS8 of the Australian Radiation Protection and Nuclear Safety 
Agency (ARPANSA)225 stipulates that volunteers for research projects involving ionizing 
radiation should ideally be exposed to no more than 5 milliSieverts of ionizing radiation in 
any one year. 
 
Several sources offer data on the dose of ionizing radiation for cervical spine plain 
radiography, but few declare how many films comprise a series. It may be as few as two, 
or up to seven for the so-called Davis series. An Australian Government website offers the 
value of 0.1 milliSievert for a cervical spine imaging series226. One catalogue, based on a 
review of the literature, suggests an average effective dose for the cervical spine of 0.2 
mSv 227, and another experimental study228 using lithium fluoride thermoluminescent 
dosimeter chips placed within an anthropomorphic phantom229 revealed entrance doses 
averaged for the upper, middle and lower neck as 4551 mGy (milliGrays: for these 
purposes equivalent to 4551 milliSieverts). Such an entrance dose for plain radiography of 
the neck assumes that such a powerful machine exists (it doesn’t) and that the subject’s 
head would be fried by the dose. Contact with one of the authors confirms that the number 
quoted was in error, but it’s worth noting that neither reviewers nor readers since have not 
noticed the error. 
 
Radiation dosimetry data for cervical spine imaging seemed beset with imprecision, so it 
was necessary to secure our own measures for the project. 
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This study was undertaken as part of the main project in which healthy volunteers were 
exposed to three lateral projection flexion and extension cervical spine plain radiographic 
exposures, which were used to assess local joint motion between C2/3 and C6/7 in the 
sagittal plane. 
 
Dose Calculation Method 
The author consulted radiography staff at several freestanding medical diagnostic 
radiology facilities, and another person consulted two diagnostic radiology facilities at the 
Princess Alexandra Hospital (PAH) at Annerley, a Brisbane suburb. Radiographers were 
asked for typical values for kiloVoltage peak, milliAmperes per second, film focal distance, 
typical image field size, and the type of image received and recorded (film or Computed 
Radiography).  
They advised as follows in Table 63 below: 
Table 63.  SUMMARY OF RADIOGRAPHIC TECHNIQUES AT VARIOUS SITES 
Site  kVp mAs FFD (cm) Image field 
cm x cm 
Image Type 
PAH (Princess 
Alexandra 
Hospital)  
Max 
Technique 
73 16 180 24x30 CR 
 Min 
Technique 
73 10 180 24x30 CR 
Sites 1 & 3 Max 
Technique 
74 8 150 24x30 CR 
 Min 
Technique 
74 4 150 24x30 CR 
Site 2 Max 
Technique  
84 30 150 24x30 CR 
 Min 
Technique 
78 16 150 24x30 CR 
Site 4 Max 
Technique  
80 16 180 24x30 Film 
 Min 
Technique 
80 8 180 24x30 Film 
PAH Max 
Technique 
70 20 180 24x30 CR 
 Min 
Technique 
66 16 180 24x30 CR 
 
Organ doses and overall effective dose were estimated using the normalised organ doses 
for medical X-ray examinations calculated using the Monte Carlo techniques program, 
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which bases its data on the Monte Carlo modelling of the (UK) National Radiation 
Protection Board230 using the XDOSE231 program to perform the calculations. 
The calculation process uses the exposure factors advised by the radiographers at the 
facilities described above and calculates the free-in-air Kerma using the technique 
described by Zamenhof232. 
The value for free in-air Kerma at 100 cm film focal distance from the x-ray source used to 
estimate the entrance skin dose (ESD) as input to the XDOSE program was calculated 
using the FIAK100 spreadsheet from Zamenhof et al. 
“Kerma” is the term used for the sum of the initial kinematic energies of all the charged 
particles liberated by uncharged ionizing radiation (i.e. indirectly ionizing radiation such as 
photons and neutrons) in a sample of matter, divided by the mass of the sample. The unit 
for absorbed dose is joules per kilogram, and the term given to it is the Gray (Gy), where 1 
Gy = 1 Joule/kilogram. The word “Kerma” is a commonly used acronym for “kinetic energy 
released in matter”, or, sometimes, “kinetic energy released per unit mass”. 
“Entrance skin dose” is the dose in air at the entrance plane described as milliGrays, or, 
mGy; “total effective dose” is the effective dose for the total imaging procedure. “Effective 
dose” as defined by the International Commission for Radiation Protection is the sum of all 
organ doses, taking into account radiation weighting factors (i.e. relative biological 
effectiveness for the radiation type and radiation sensitivity of the tissues 
irradiated).”Equivalent dose” to any organ: the XDOSE program estimates the dose to 
individual organs (but including the weighting factors noted above); the theoretical fatal 
cancer risk is calculated by XDOSE from the ICRP risk factors. The age dependency is 
related to tumour latency. 
 
RESULTS 
The main study required a total of three lateral projection cervical spine plane film 
examinations of each volunteer subject. Based on the proposed imaging and considering 
the range of radiographic techniques used across the six participating radiographic 
imaging practices consulted, the range of total effective dose for an average sized patient 
of, say, 70 kgs and the associated theoretical cancer risks are as displayed in Table 64 
below. 
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Table 64. Summary of organ and effective dose estimates, in milliGrays and milliSieverts * 
 
Site  Entrance 
skin 
dose 
(mGy) 
Total 
Effective 
Dose 
(mSv) 
Uterine 
Dose 
(mGy) 
Maximum 
equivalent 
dose to any 
organ 
(mSv) 
Theoretical 
fatal cancer 
risk 
30-39 years 
Theoretical 
fatal cancer 
risk 
50-59 years 
PAH Max 
Tech 
4.1e-01 7.6e-03 0.0 5.37e-02 
(bone) 
3.4e-07 3.0e-07 
 Min 
Tech 
2.7e-01 5.0e-01 0.0 3.54e-02 
(bone) 
2.2e-07 2.0e-07 
Site 
1 & 3 
Max 
Tech 
4.0e-01 7.5e-03 0.0 5.30e-02 
(bone) 
3.3e-07 3.0e-07 
 Min 
Tech 
1.7e-01 3.0e-03 0.0 2.26e-02 
(bone) 
1.4e-07 1.3e-07 
Site 
2 
Max 
Tech 
1.9e-01 4.3e-02 0.0 2.82e-01 
(bone) 
1.9e-07 1.7e-06 
 Min 
Tech 
7.5e-01 7.5e-01 0.0 1.05e-01 
(bone) 
6.6e-07 6.0e-07 
Site 
4 
Max 
Tech 
5.9e-01 1.24e-02 0.0 8.41e-02 
(bone) 
5.5e-07 5.5e-07 
 Min 
Tech 
2.6e-01 5.5e-03 0.0 3.71e-02 
(bone) 
2.4e-07 2.1e-07 
Site 
5 
Max 
Tech 
5.7e-01 8.2e-03 0.0 6.05e-02 
(bone) 
3.6e-07 3.3e-07 
 Min 
Tech 
3.6e-01 3.6e-01 0.0 4.27e-02 
(bone) 
2.6e-07 2.3e-07 
* Calculations by Lawrence Sim PhD. 
 
CONCLUSIONS 
Based on the reports of proposed imaging methods and considering the ranges of 
radiographic techniques advised across the participating diagnostic imaging sites, the 
range of total effective dose for an average sized patient (e.g. 70 kg) and the associated 
theoretical cancer risks are very low. 
 
Every person in Australia is exposed to naturally occurring background radiation dose of 
about 2 milliSieverts a year 233 . The maximum estimated value of effective ionising 
radiation dose for the three exposures of volunteers in this study is thus 0.04 mSv, or 
about 2% of the naturally occurring background dose. 
 
The ionizing radiation dose of a single lateral cervical spine radiograph taken according to 
the protocols described would therefore be 0.013 mSv, or a few days’ naturally occurring 
background radiation.  
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Appendix E: Signs and Forms used to recruit volunteers: 
 
Sign on the wall of medical radiology centres which agreed to assist in asking for 
volunteers. 
Can you volunteer just a few 
minutes of your time today to 
help us help medical research at 
the University of Queensland 
Medical School? 
 
 
The project studies neck bone motion on x-
rays. The University Medical Research Ethics 
Committee has given the project full approval 
234. 
 
They need volunteers to have 3 small neck x-
rays taken by us (it only takes a few minutes). 
 
If you are between 30 & 59 years of age, have 
had no neck or shoulder pain or treatment 
(including no manipulation) for either in the 
last 30 days, and can spare a few minutes, 
please see Reception. 
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Appendix F 
 
Normal Neck Motion Project: Participant Guide for Volunteers. 
 
Thankyou for showing interest in helping us in this study. We aim to define better how far normal 
joints move in the human neck when bending forwards and backwards, when measured on ordinary 
x-ray films. Volunteers will need to spend about one hour at an x-ray clinic for the films to be taken. 
Three views will be taken: the neck not bent, then with the neck bent forward and then backward, all 
from the side. 
 
We want to undertake this research because there is not really sufficiently reliable information on how 
far a normal neck joint really moves. Because of this, nobody is really sure about what abnormal 
neck joint motion is. We hope to get better information for surgeons to decide whether a person 
needs spinal surgery after, say, neck injury in a car accident, or to help chiropractors and 
physiotherapists decide more accurately which joint to manipulate in a painful or stiff neck. 
 
Although you will not personally benefit from this (beyond knowing you have helped us in our 
research), there are some small radiation risks for you. The Australian Radiation Protection and 
Nuclear Safety Agency (ARPANSA) sets up dose constraints for volunteers exposed to x-rays in 
biomedical research, and provides for an annual dose of up to 5 milliSieverts. This research study 
involves exposure to a small amount of radiation (x-rays). As part of everyday living, everyone is 
exposed to naturally occurring background radiation and receives a dose of about 2 milliSieverts 
(mSv) each year. The maximum estimated value of effective dose from this study is about 0.04 mSv 
(i.e. about 2% of natural background radiation). The dose from this study is comparable to that 
received from similar diagnostic medical x-ray procedures such as chest  x-rays. At this dose level, no 
harmful effects of radiation have been demonstrated, as any effect is too small to measure. The risk is 
believed to be minimal. 
 
If you have volunteered within the last five years for biomedical research involving exposure to 
radiation of any kind, you may not be eligible to enter this project, so tell us if you have. We will 
calculate your total dose to keep within recommended limits. 
 
We’ll protect your confidentiality and privacy, along with the security of the data we collect, by using 
codes, and an opaque label covering your name on x-ray films. A separate register matching codes 
with names will be kept under lock and key. We’ll keep that privacy commitment in the future, too. 
 
We respect your right to withdraw without penalty at any time, and to withdraw your x-rays and any 
data we’ve got from them, at any time from consideration, if you change your mind about helping us 
(you can write to us at PO Box 4340, Forest Lake, Queensland 4074). If you want, we can send you a 
summary of the research outcomes, including anything found pertinent to you personally at the 
conclusion of the research. Please give an address for this at this time. 
 
This study has been given clearance by the Human Research Ethics Committee of the University of 
Queensland in accordance with National Health and Medical Research Council Guidelines. 
 
If you have any questions about any aspect of the project or your participation in it, you can contact 
me, Dr Keith Charlton, at work on 07 3372 9944, or at home on 07 3372 3255. If you want to talk to 
an Officer of the University of Queensland not connected with the study, you can call the University’s 
Ethics Officer on 07 3365 3924. The study approval number is 2003000664. 
 
Thankyou for helping! 
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Informed Consent Form: Normal Neck Motion 
Project 
 
This is to say that I have read and understood the Normal 
Neck Motion Project Participation Guide for Volunteers and I 
volunteer as a subject for the Project. 
 
 
My name is (please PRINT):………………………………… 
 
My postal address is (only needed if you want a copy of 
research results) 
 
……………………………………………………………………… 
 
……………………………………………………………………. 
 
My date of birth is:…………………………. 
 
My signature: ……………………………………….. 
 
Witness name (please print) ………………………………… 
 
Witness signature ……………………………………………… 
 
Date: ……………………………………………… 
 
Thankyou! 
 
 
Dr Keith Charlton, Principal Investigator, 
PO Box 4340, 
Forest Lake 4078 
07 3372 9944 
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